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Abstract 
It is becoming increasingly clear that both plants and animals can act as 
zoogeomorphic agents and ecosystem engineers within riverine environments by 
modifying the nutrient, sediment and hydraulic dynamics. However, although there is 
more interest in the relationships between the biotic and abiotic environments, the role 
of zoogeomorphic agents and ecosystem engineers are yet to be fully recognised or 
established in either geomorphological or ecological models. One area which has 
received little attention is foraging by benthic fish, even though these species inhabit 
rivers worldwide and collectively can impart significant amounts of energy onto river 
beds. This is particularly important amongst shoaling species that live in fine sediment 
environments as the cumulative effect of their foraging upon sediment dynamics is 
likely to be high given how little energy is required to entrain sediment transport. To 
address this research gap, a series of experiments were conducted to investigate the 
effect of bioturbation by bream (Abramis brama), a common European benthic fish, and 
their impacts on sediment dynamics. 
Mesocosm experiments were designed to explicitly examine the drivers and assess the 
potential environmental effects of bream bioturbation. The results suggest that 
sediment suspension caused by bream foraging increased with fish size, fish number 
(intraspecific competition) and food availability (p = < 0.001). These results highlighted 
that significant levels of turbidity (as a measure of suspended sediment) were created 
by bream when more than 1 fish was present, at any fish size and at natural food 
densities. Importantly, these findings imply that significant levels of turbidity will be 
created under natural conditions in the field, suggesting that bioturbation effects may 
be widespread. 
Additional mesocosm and flume experiments were used to explore the effect of 
interspecific interactions on bream bioturbation. Here, the bioturbation associated with 
feeding by roach (Rutilus rutilus; a functionally similar species to bream) was 
established. Then, bioturbation was measured when roach and equal numbers of 
bream were placed in the mesocosm. Turbidity increased significantly when the bream 
had interspecific competition (p = < 0.001). This relationship was particularly evident as 
fish number increased (p = < 0.001); during the three-fish experiments, mean turbidity 
levels increased by 388% (56.86 NTU) and the 95th percentile turbidity by 407% 
(101.95 NTU) when compared with the turbidity created without interspecific 
competition. The turbidity levels from these experiments were then used to assess the 
impact of fish induced bioturbation upon the feeding efficiency (the rate of capture of 
drifting insect larvae) of roach by replicating a riverine environment within a circulating 
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flume. Feeding efficiencies were significantly reduced at mean experimental turbidity 
values (~15 NTU; p = < 0.001) and no feeding was recorded at higher turbidity levels. 
These results show, for the first time, that the level of suspended sediment created by 
bream cause detrimental effects to other species around them. 
A field campaign was used to assess the feeding of bream at a patch scale. Here 
surveys using underwater sonars displayed, for the first time, areas containing large 
numbers of bream feeding pits. These pits were surveyed at six locations within three 
different aquatic environments to provide both spatial and morphological 
characteristics. Pit morphology, density and total feeding areas were statistically 
different between rivers, drains and the Norfolk Broads (p = < 0.001). Feeding pit size 
and the extent of the feeding areas was greatest in the Norfolk Broads which is 
speculated to be the result of the lack of hydraulic regime, but this was not formally 
tested. Using these measures, estimations for the total volume of sediment displaced, 
total sediment surface disturbed and total volume of sediment per mean feeding area 
were established. These measurements provided the first estimations of fine sediment 
displacement by foraging fish in lowland rivers and act as an important foundation for 
lowland zoogeomorphic research. 
The feeding pits were investigated further by assessing their impact on near-bed 
hydraulics. Here, riverine pits and their respective physical parameters were scaled 
and modelled within a recirculating flume. At different natural pit densities, a vertical 
profile of ADV measurements was used to obtain orthogonal velocities and TKE at 
discrete positions above the bed surface. Stream wise velocity and, to a lesser extent, 
vertical velocity, both increased in the presence of pits, especially higher in the flow 
and at the highest feeding pit density. However, the presence of pits appeared to 
depress TKE very close to the bed which remains unexplained. Importantly, the results 
from the scaled hydraulic experiments have measured, for the first time, the impact of 
biogenic depressions on lotic hydraulics and turbulence parameters. 
Together, results from these experiments indicate that bream are significant 
zoogeomorphic agents and ecosystem engineers through their foraging promoting an 
increase in suspended sediment. The implication of this result is that bream have the 
potential to be an impactful zoogeomorphic agents in freshwater environments, in large 
part because the fine sediment environments they inhabit require the application of 
relatively little energy to induce sediment transport via bed material suspension and 
displacement. Therefore, the cumulative effect of bream activities on sediment 
transport is possibly relatively high and this warrants additional research effort. 
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1 Introduction 
1.1 Research context and development of research theme 
Fine sediment, defined as both organic and inorganic particles which are < 2 mm in 
diameter, is an essential component of a healthy riverine system (Mathers et al., 2017). 
However, it is recognised that current erosion, transport and subsequent storage rates of 
this fine sediment are causing habitat degradation (Jones et al., 2012). This increase is due 
to current fine sediment yields exceeding their background levels, driven by numerous 
anthropogenic factors including changes in land use (Collins and Zhang, 2016) and 
management practises (Foster et al., 2011), often linked to the agriculture sector (Collins et 
al., 2009; Naden et al., 2016; Biddulph et al., 2017). In the UK, increase in fine sediment 
within riverine environments is a major reason for the failure to achieve good ecological 
status under The EU Water Framework Directive 2000/60/EC (European Commission, 2015) 
(Collins et al., 2009) and, worryingly, it is predicted that these pressures are likely to 
increase as climate change drives more intense rainfall and run-off from agricultural lands 
(Burt et al., 2016). This is particularly pertinent given that lowland rivers in the UK are 
capacity-limited, rather than supply-limited (Naden et al., 2016). Consequently, significant 
work has gone into reviewing the effects of fine sediment at each level of the riverine food 
chain (diatoms – (Jones et al., 2014); macroinvertebrates – (Jones et al., 2012); 
macrophytes – (Jones et al., 2012); and fish – (Kemp et al., 2011)) to understand how 
different parts of the freshwater ecosystem are affected by fine sediment pollution. These 
reviews focus on how fine sediment impacts biota, with little consideration of the active role 
that biota may have in fine sediment dynamics. However, these processes are increasingly 
recognised as important elements for developing to a holistic approach in understanding the 
fluvial system (Atkinson et al., 2018).  
The role that biota play in controlling their physical environment has long been recognised 
(Darwin, 1881), but has seldom been incorporated into mainstream conceptual models of 
sediment and landscape dynamics despite the growing theoretical understanding, empirical 
evidence and societal implications (Rice et al., 2019). It is likely that this lack of incorporation 
stems from the scientist’s background, where both geomorphologists and ecologists 
concentrate on their respective disciplines with less regard to interdisciplinary research 
between both subject areas (Rice et al., 2010; Thomas et al., 2014; Lewin, 2016; O’Briain et 
al., 2017; Rice et al., 2019). Advancements in this field have devised subject areas bridging 
this interdisciplinary gap such as, zoogeomorphology – “the study of the geomorphic effects 
of animals” (Butler, 1995) and ecosystem engineering – “physical modifications of the 
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environment by animals that affect ecosystem properties” (Jones et al., 1994). However, 
although the fields of zoogeomorphology and ecosystem engineering are intrinsically linked, 
the lack of an interdisciplinary approach between these two fields is also evident. For 
example, sea lampreys (Petromyzon marinus) act as ecosystem engineers during their nest 
building, which releases nutrients locked within the interstitial spaces of river bed sediments 
(Weaver, 2017). This activity also has zoogeomorphic consequences because nest building 
facilitates sediment disturbance and small-scale particle transport. Although there are clear 
divides between the two disciplines, there is a growing body of literature which is helping to 
bridge this divide (Harvey et al., 2011; Thomas et al., 2014; Harvey and Bertoldi, 2015; 
Pledger et al., 2016; Turley et al., 2017; Rice et al., 2019) and the need to do so is viewed 
as a key contemporary research challenge (Reinhardt et al., 2010; Wheaton et al., 2011; 
Harvey and Bertoldi, 2015). 
Further issues potentially arise when considering which animals to assess as 
zoogeomorphic agents or ecosystem engineers. Many animals can alter sediment dynamics 
either consciously or unconsciously in their routine biological activities, but the impact can 
vary from localised to ecosystem wide (Moore, 2006). Therefore, a challenge remains in 
defining which species will yield significant ecosystem impacts. Moore (2006) has 
established a framework to assess individual species impacts based upon three factors: 
1. Behaviour – the type and frequency of activity that leads to modification of the 
ecosystem; 
2. body size – the mass of the animal and thus their potential biological energy to make 
an impact, and; 
3. density – the species abundance in creating the modifications to the environment 
which will be a function of its population density. 
While these three factors are a good indication for species impact, it is important to assess 
species individually and use the framework suggested by Moore (2006) as a qualitative tool 
rather than and quantitative measure. For example, beavers are a keystone species in both 
the zoogeomorphology (Butler, 1995) and ecosystem engineering (Hood and Larson, 2015a) 
disciplines but due to their low abundance they only satisfy two of the three factors in the 
framework.  
This thesis aims to bring together novel work on zoogeomorphology and ecosystem 
engineering at the interface of ecology and geomorphology in the context of lowland rivers 
where fine sediment dynamics are important for river management. The zoogeomorphic 
understanding of fish in freshwater environments is almost entirely limited to the impact that 
lithophilic-spawning fishes (like salmon) have on gravel-river bed conditions. Here the focus 
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is on the freshwater fish, bream, and its potential to act as zoogeomorphic agent and 
ecosystem engineer in fine-grained fluvial environments. 
1.2 Aims and research objectives 
The aim of this thesis is to examine the extent that bream are zoogeomorphic agents and 
ecosystem engineers within lowland rivers in the UK. The interactions between bream and 
fluvial fine sediment through bioturbation will be assessed using both in-situ field surveys 
and complimentary ex-situ mesocosm experiments to provide a greater understanding of 
bream’s cumulative effect upon sediment dynamics. Specifically, the thesis aims to address 
the following objectives: 
1. To quantify the specific drivers behind bream bioturbation using ex-situ mesocosm 
experiments (Chapter 3 and 4). 
2. To examine the interspecific interactions between bream and a conspecific species 
to assess if bioturbation is a life strategy employed by bream (Chapter 4). 
3. To examine the feeding pit morphology and spatial properties of bream feeding areas 
within different in-situ lowland environments (Chapter 5). 
4. To examine if bream feeding pits in rivers can alter near-bed hydraulics and turbulent 
parameters (Chapter 5).  
1.3 Thesis Structure 
The structure of the thesis is outlined in a conceptual diagram (Figure 1.1). Chapter 2 
presents a comprehensive review of the literature pertaining to the thesis. This will contain 
three reviews beginning with “zoogeomorphology and ecosystem engineering”, focusing on 
the interactions between sediment dynamics and aquatic organisms, specifically fish, 
invertebrates and higher animals. This is followed by a review of the “interactions between 
fish and fine sediment” and finally a review about “bream and their environmental 
significance”. This Chapter will help to inform the research questions of this thesis which will 
be explored in subsequent Chapters. Chapters 3, 4 and 5 contain the main empirical results. 
Chapter 3 explores bream bioturbation and uses ex-situ mesocosm experiments to explore 
the role of key drivers. The experimental factors for consideration were based upon the 
Moore (2006) framework and include fish size, fish number of food density. 
Chapter 4 builds on the experimental foundations from Chapter 3 by examining how the 
interactions between bream and a competitor fish (roach) affect bioturbation. The work 
reported in Chapter 4 includes additional ex-situ mesocosm experiments that examine the 
effect of interspecific competition on bioturbation and flume experiments designed to assess 
if turbidity caused by bream affect roach’s feeding efficiency. 
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In the wild, feeding shoals of bream leave behind shallow feeding pits in soft river-bed 
sediments. In Chapter 5, field sonar surveys are used to provide data on pit morphology, 
density and spatial extent in different freshwater settings (rivers, drains and broads).  This 
data is then used in flume experiments to investigate whether feeding pits affect riverine 
near-bed hydraulics including turbulent parameters.  
Chapter 6 provides a summary and synthesis of the results arising from the previous 
Chapters to assess bream as both zoogeomorphic agents and ecosystem engineers. This 
Chapter concludes with suggestions for future research.  
 
Figure 1.1: Conceptual diagram of the thesis structure and content within. 
 
2. Review of current literature
Zoogeomorphology and Ecosystem engineering 
Interactions between fish and fine sediment 
Bream and their environmental significance 
3. How do bream entrain 
fine sediment in rivers?
Examines the mechanisms 
used by bream to suspend 
fine sediment and how these 
are affected by natural 
biological variables (fish size, 
number, food density and 
other species).
Objective 1
5. Do bream feeding pits 
have a geomorphic impact 
in rivers?
Examines bream feeding pit 
morphology, density and 
spatial extent in different 
freshwater settings. This data 
is used then to assess the 
feeding pits impact upon 
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including turbulent 
parameters 
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6. Summary
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1. Introduction
Aims and objectives
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2 Review of current literature 
2.1 Zoogeomorphology and ecosystem engineering  
Animals interact with their environment in numerous ways (feeding, travelling, mating, 
habitat construction etc.) and during these interactions they can modify land surfaces around 
them through geomorphic processes. The study of their interactions with land surfaces has 
been largely ignored and underappreciated amongst 20th century literature (Butler and 
Sawyer, 2012) even though key scientists were aware of its significance from an early stage 
in modern science (e.g. Darwin, 1881). Butler and Sawyer, (2012) have pointed out however 
that there are exceptions to this, with studies assessing the geomorphic effects of ants and 
beavers pre-1950’s (Branner, 1910; Ruedemann and Schoonmaker, 1938; Ives, 1942); and 
later the burrowing of animals (Price, 1971; Thorn, 1978; Smith and Gardner, 1985). 
Running parallel with these studies, ecologists have studied the interactions between 
animals and the environment, but their focus has seldom been on Earth surface process 
dynamics as these affect geomorphology (Butler, 1995). Again, there are exceptions for 
example the work by Naiman studying the alteration of streams by beavers (Naiman et al., 
1986; Johnston and Naiman, 1990, 1987; Naiman et al., 1988). 
Until 1988, the study of the interactions of biota and their environment had yet to be formally 
defined. Heather Viles in her edited volume (Viles, 1988) was the first to formally define the 
field as biogeomorphology “an approach to geomorphology which explicitly considers the 
role of organisms” (Viles, 1988). This book, however, concentrated primarily on the role of 
plants and microbes in geomorphology (known as phytogeomorphology). The work by Viles 
(1988) introduced many scientists to a new way of thinking and by 1992 the role animals 
play in geomorphology and was described as zoogeomorphology “the study of the 
geomorphic effects of animals” (Butler, 1992).  
More recently, a new term “ecogeomorphology” has emerged (Thoms and Parsons, 2002) 
which is an interdisciplinary approach to the study of river systems that integrates hydrology, 
fluvial geomorphology and ecology. Although this terminology attempted to unify multiple 
disciplines, it has not been widely accepted and consequently biogeomorphology is still 
being used as the umbrella term for this field.  
In parallel to the work of geomorphologists, ecologists were increasingly turning their focus 
to how animals change their environment, but with little to no involvement with the work 
carried out by geomorphologists (Butler and Sawyer, 2012). This led to a separate term 
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being defined by ecologists known as “ecosystem engineering” which is “the physical 
modification, maintenance, or creation of habitats” (Jones et al., 1994).  
Though the definitions for both biogeomorphology and ecosystem engineering share many 
similarities there are subtle differences which partly explains the lack of interdisciplinary 
research between these two fields. It has now become increasingly important for both fields 
to work together to fill knowledge gaps as highlighted in the ‘Proceedings of the 42nd 
Binghamton Symposium in Geomorphology, held 21-23 October 2011’ (Geomorphology, 
volumes 157-158), showing the clear cross over between disciplines (Figure 2.1). 
 
Figure 2.1: The disciplinary origins of the specialised fields of zoogeomorphology, and 
ecosystem engineering, and how they should interact through synergistic contact 
(Adapted from Butler and Sawyer, 2011 to account for modern adaptations to the 
disciplines). 
This literature review will address the broader concepts and bigger questions of 
biogeomorphology and ecosystem engineering about how geomorphological systems 
interact with biological systems. Emphasis will be on the zoogeomorphology of rivers, but 
within a broader context of life-landscape interactions. 
What do we know about zoogeomorphology in rivers?  
 
Within riverine environments, both fish and invertebrates represent a large proportion of the 
ecosystem and fish represent considerable economic value to governing bodies through 
both commercial and recreational fishing. Fish themselves have varied life cycles and at 
each life stage can exert pressures onto the ecosystem. Macroinvertebrates also have the 
ability to alter their surroundings, due to their wide distribution and diversity representing a 
large proportion of the riverine biomass. In this section animals within the riverine 
environment will be assessed as geomorphic agents and ecosystem engineers to synthesise 
the effects that they may have upon the ecosystem.  
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 Fish 
Salmon 
The main body of research into fish as geomorphic agents has centred around the role that 
salmon play in redd construction in gravel bed rivers (Gottesfeld et al., 2008). Salmonid 
redds are nests created by violent lateral flexions by females and have a linear relationship 
between depth and size of the fish (Jonsson and Jonsson, 2011) (Figure 2.2). Redds are 
used to incubate embryos in the hyporheic layer of the riverbed substrata and are used to 
facilitate removal of waste metabolites and efficient delivery of oxygen (Kondolf, 2000; Greig 
et al., 2007; Jonsson and Jonsson, 2011).  
Salmonid redds have a characteristic microtopography with amplitude of 10 – 20 cm and a 
wavelength of about 2.0 m and tend to remain as a structure in the bed surface until winter 
flows rework them, increasing sorting and armouring (Montgomery et al., 1996; Moore et al., 
2004). The first morphological study of salmon driven sediment transport was carried out in 
1993 (Kondolf et al., 1993). Grain size distribution after redd building was examined to 
investigate size modification of gravels during spawning. It was noted that during salmon 
spawning, environmental factors and hydraulic variables such as slope, shear stress, water 
velocity etc., were not responsible for the movements of grains. Additionally, in comparison 
to the control site, salmon worked rivers showed a larger size distribution of gravels in 
transport. Salmon spawning was therefore shown to be a primary component in fine 
sediment transport. Furthermore, the ability to predict gravel size modifications during the 
spawning season proved difficult when using flow conditions alone and showed that the 
inclusion of salmon data made for a more robust model which accounted for the greater 
proportion than normal distribution of fines. From the work by Kondolf et al. (1993) further 
research was required to quantitatively assess the effects that salmon have in the sediment 
transport process.  
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Figure 2.2: (a) Reach-scale surface subsurface exchange flows. (b) Microscale exchange 
flows (redd). (c) Interstitial flow paths within the egg pocket (Greig et al. 2007). 
 
Driven by declining Pacific salmon (Oncorhynchus spp.) stocks, research found that median 
surface grain size increased at sites with redds present, by 33 – 39% and 56 – 73% at their 
study sites (Kennedy Creek and Montana Creek) in North West America (Montgomery et al., 
1996). Furthermore, it was found that there was a close correspondence between egg burial 
depths and scour during high flows, pointing to an adaption by salmon which implies that 
even small increases in scour depth can significantly reduce embryo survival. As such, the 
work by Montgomery et al. (1996) implies that changes to the processes influencing bed 
scour depths could increase mortality in embryos of associated salmon populations. For 
example, increased sediment supply from anthropogenic actives will increase bed load 
transport and thus scour depths by salmon will have to increase in order to cope with the 
fine sediment influx. 
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Similar work has looked at the effects of bed reworking by sockeye salmon (Oncorhynchus 
nerka) during spawning and the effects this had during floods, caused by snowmelt events in 
British Colombia (Gottesfeld et al., 2004). 
 
Figure 2.3: Female Pacific salmon excavating her nest through violent lateral flexions 
which shows fine sediment being removed downstream (Source: White Salmon Restored 
- A Time-lapse Project). 
Gottesfeld et al. (2004) used magnetically tagged particles over a five-year period to 
measure sediment transport. Results were highly variable depending on the population of 
returning salmon and magnitude of the flooding caused by snow melt. Results did show that 
the furthest that a tagged particle travelled was 150 m, they had a mean burial depth of 18 
cm, and up to 100% of the particles were worked by the salmon. It was shown that this 
vertical mixing by salmon was equal to that caused by flooding. This points to salmon as 
zoogeomorphic agents in the mobility of sediments and an important factor in sediment 
dynamics and sediment budgets.   
Additional research has assessed salmon as geomorphic agents and the role they play in 
changing channel morphology (Hassan et al., 2008). Hassan et al. (2008) quantitatively 
examined bed load transport in four streams in British Columbia during the mass spawning 
events of salmon, using bed load traps and tracers. It was found that on average, across 
four study sites, salmon were responsible for almost half of the annual bed load yield and 
thus a “first-order control on bed load transport” (Hassan et al., 2008). Furthermore, it was 
shown that not only were salmon responsible for high levels of sediment transport, but they 
were also responsible for increased bed surface roughness, preventing amour layers from 
establishing through reworking the bed and were responsible for hummocky channel 
morphology. For example, on average over the four sites, salmon were responsible for 35% 
of the annual sediment moved by floods. At one site in particular (Forfar 250) it was found 
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that salmon mobilized up to 60% of the total annual sediment moved by floods. The large 
proportion of mobilized sediment caused by salmon spawning had large implications for 
channel morphology at both the spawning sites and downstream where deposition occurred. 
Hassan et al. (2008) confirmed the observations of Montgomery et al. (1996) that fish 
increased bed roughness and it is possible that the transport capacity is decreased by 
greater losses of energy, despite higher levels of particle mobility. This question is 
unresolved and needs to be investigated further.  
Alongside the research carried out assessing salmon as geomorphic agents, numerous 
papers have been published assessing their roles as ecosystem engineers; for example, 
through alteration of benthic macroinvertebrate and algal communities, nutrient dynamics, or 
fine sediment dynamics (Hildebrand, 1971; Field-Dodgson, 1987; Peterson and Foote, 2000; 
Minakawa and Gara, 2003). It has been argued that due to the disturbance of sediments, 
Pacific salmon (Oncorhynchus spp.) are ecosystem engineers, because during their 
migrations they can fertilize rivers with marine derived nutrients (Janetski et al., 2009). 
These marine derived nutrients are accumulated during their growth phase at sea and are 
released through excretion and death of after spawning (Figure 2.4) (Naiman et al., 2002; 
Schindler et al., 2003; TIEGS et al., 2009; Petticrew and Albers, 2010). Janetski et al. (2009) 
found through meta-analysis, that although results differed amongst equivalent studies, 
salmon were shown to have both positive and negative effects upon the ecosystem 
(Janetski et al., 2009). For example, macroinvertebrate populations were seen to be both 
positively and negatively affected by the salmon spawning run: macroinvertebrates 
associated with small sediments (<32mm) decreased as a result of bed working and 
macroinvertebrates related to larger sediments (>32mm) were positively influenced due to 
an increase in nutrients. This positive and negative ecosystem response to salmon 
spawning has been shown in other studies (Hildebrand, 1971; Field-Dodgson, 1987; Moore 
et al., 2004; Moore and Schindler, 2008).  
  11 
 
Figure 2.4: Salmonid carcass after spawning releasing marine derived nutrients as it 
decays. (Source: Tim Sykes (Environment Agency) Twitter 2014). 
Like the work by Janetski et al. (2009) and Tiegs et al. (2009), Moore et al. (2004) found that 
macroinvertebrate communities had mixed fortunes, with all taxa declining substantially 
during spawning apart from tricladida and chironomidae, whose densities rose by 3%. 
Additional, it was also noted that a significant loss in algal biomass of up to 80% (Moore et 
al., 2004). It is thought that the cause for this is the dislodgment and consequential 
bioturbation of periphyton during redd construction which would have an indirect bottom-up 
effect on the food web (Finlay et al., 2002). However, research has shown that dislodging 
algae can also increase primary algal activity by removal of fine sediment (Power, 1990).  
Later work found that there were significant positive relationships between the onset of the 
salmon run and increases in both nitrogen and phosphorus in stream ecosystems (Tiegs et 
al., 2009). Unlike the other studies which showed large changes in community dynamics of 
both macroinvertebrates and periphyton, their study suggested that the effects of the 
increased nutrients were offset by disturbance, with the changes being described only as 
modest. 
Field-Dodgson (1987) studied redd excavation of quinnat salmon (Oncorhynchus 
tshawytscha walbaum) in two streams of New Zealand. Spawning of salmon led to a loss of 
instream macroinvertebrates, algae and mosses. The effects of the loss of fines and detritus 
during redd building indirectly reduced the benthic standing crop by 83.6% where 
populations were seen to recover after 95 days of spawning. Similarly, Hildebrand (1971) 
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found that invertebrate biomass was reduced by 78% with a recovery time of 6 months. It 
was concluded that spawning salmonids could be responsible for reductions in detritus 
storage capacity, which may have an effect upon the native benthic invertebrate productivity. 
In other studies, it was found that the biomass of benthic macroinvertebrates and algal 
abundance within streams with little to no salmon spawning remained constant throughout 
the length of the study (Moore and Schindler, 2008). In comparison, in streams that had 
salmon present, biomass levels dropped between 75 – 85%. Levels of recovery were 
recorded, and it was found that even though algal biomass recovered to almost the same 
level as pre-salmon spawning, macroinvertebrates did not recover to levels seen in the 
previous spawning cycle.  
This role of salmon species as ecosystem engineers was later discussed where it was noted 
that bioturbation caused by salmon mobilizing sediment during the spawning season may 
have a profound effect upon the benthic invertebrate fauna by releasing chironomids into the 
water column as a food supplement to downstream fish (Peterson and Foote, 2000; 
Gottesfeld et al., 2008). This shows that spawning salmon can have both positive and 
negative effects upon ecosystems, though there are other factors which can influence this 
effect outside of bioturbation, such as cohort size, fish abundance, and environmental 
factors which must be fully understood in order to model the effects.  
Benthivorous fish  
In recent years, numerous studies have examined the effects of bioturbation caused by the 
resuspension of sediment in lentic ecosystems (most notably shallow lakes and ponds) by 
benthivorous fish, (Breukelaar et al., 1994; Newcombe and Jensen, 1996; Tátrai et al., 1990; 
Zambrano and Hinojosa, 1999; Williams et al., 2002; Newcombe, 2003; Scheffer et al., 
2003; Persson and Svensson, 2006a, 2006b; Roozen et al., 2007; Søndergaard et al., 
2008b; Volta et al., 2013; Chapman et al., 2014). Amongst these studies, two species of 
benthivorous cyprinids (bream and carp (Cyprinus carpio)) have been shown to be the most 
prevalent in causing resuspension of sediment and increasing turbidity. Research in this 
area has become increasingly important with a rise in the number of cyprinid introductions, 
primarily for sport but also as a food source (Volta et al., 2013).  
Benthivorous fish have numerous effects upon the biota and sediment transport within 
multiple environments. They create an increase in suspended sediment by disturbing the 
sediment surface layer in their hunt for prey items (normally macroinvertebrates). To extract 
the prey items, benthivorous fish suck food items, along with sediment and water into their 
mouths where gill rakers sieve out the larger items for ingestion, allowing the water and 
sediments to be expelled through the opercula openings behind the gills (Koehn et al., 
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2000). This behaviour increases turbidity by continuously resuspending sediments and 
studies have demonstrated that turbidity values are significantly higher when benthivorous 
fish are present (Fletcher et al., 1985; King, 1997; Koehn et al., 2000). Not only is this a 
problem within lake ecosystems but in riverine systems too. The common carp in large 
densities, has been shown to increase turbidity across large areas (Fletcher et al., 1985; 
King, 1997), although it must be noted that these effects can be site specific (Koehn et al., 
2000).  
Studies have attempted to quantify this fish-induced turbidity within fine sediment 
environments by using both ex-situ and in-situ experiments. Carp stocked into an artificial 
pond at a density of 510 kg ha-1 were found to increase average turbidity from 7 to 73 NTU 
over a four-day period (Roberts et al., 1995). Similar work but within a natural lake found that 
carp can cause a shift from a clear, macrophyte dominated state to a turbid phytoplankton-
dominated state at biomasses of less than 600 kg ha-1 (Badiou and Goldsborough, 2015). 
Within a riverine system, a two-year study of the in the lower Goulburn river basin, Victoria, 
Australia found turbidity increased downstream from 23 to 46 NTU, correlating with 
increased carp catches (Fletcher et al., 1985). Further studies from Australian billabongs 
after carp invasions found that carp inhabiting these areas significantly increased turbidity 
levels by 60% and were the primary factor in creating turbidity within these environments 
and further downstream (Robertson et al., 1997; King, 1997). These studies demonstrate 
that benthic fish can significantly increase turbidity within lentic and lotic environments. 
Although most research has investigated common carp, similar findings have been found 
with bream where they increased suspended sediment concentrations by 46 g sediment m-2 
day-1 per 100 kg bream ha-1 and a reduction of 0.38 m-1 in reciprocal Secchi disc depth 
(Breukelaar et al., 1994). Suspended sediment concentrations increased linearly with bream 
biomass and it was calculated that not only can bream process double their body weight in 
sediment per day during their benthic feeding but that are responsible for up to 50% of the 
total turbidity in shallow lakes (Breukelaar et al., 1994). 
Fish-induced fine sediment resuspension can have strong direct and indirect negative 
effects on ecosystems (Horppila et al., 2017). The ecological effects of bioturbation have 
been demonstrated where the actions of benthivorous fish cause top down and/or bottom up 
effects in their respective ecosystem (Tatrai et al., 1997; Williams et al., 2002; Newcombe, 
2003; Scheffer et al., 2003; Persson and Svensson, 2006a; Roozen et al., 2007; 
Søndergaard et al., 2008a; Volta et al., 2013; Chapman et al., 2014). Top down effects in 
these studies have included reductions in the abundance of zooplankton followed by 
increased phytoplankton abundance and bottom up effects include an increase in nutrient 
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cycling, predominantly by bioturbation but also by increased excretion rate at a community 
scale, which favours phytoplankton growth (Winfield and Nelson, 1991). Consequently, 
benthivorous fish are potentially important ecosystem engineers (Adámek and Maršálek, 
2013). 
Benthivorous cyprinids have been shown to alter the community dynamics in lakes by 
resuspending algal cells (Roozen et al., 2007). In the presence of these benthivorous 
cyprinids, Roozen et al. (2007) observed increased chlorophyll-a concentration (green 
algae); increased phytoplankton abundance (diatoms); and increased inorganic suspended 
solids; as well as decreased zooplankton grazing. Similarly, Persson and Svensson (2006a; 
2006b) found that bream had a strong negative effect upon benthic invertebrates and 
positive effects upon phosphorus and nitrogen concentrations in the water. This work was 
later extended displaying that changes in turbidity caused by bream can be used as an 
indicator of ecological state through the changes in the water chemistry associated with 
increased levels of turbidity (Persson and Nilsson, 2008). The body of work that has 
investigated the environmental impacts of bream has described negative effects in the 
ecosystem, in water chemistry and in turbidity once the species has become established. 
These are outlined below in Table 2.1. 
 
Table 2.1: Direct and indirect impacts upon the ecosystem caused by bioturbation in 
benthivorous cyprinids. 
Direct Indirect 
Increase in nutrients Increase in phytoplankton biomass 
Increase in water turbidity Increase in cyanobacteria 
Decline in submerged macrophytes Decline in submerged macrophytes 
 Increase in zooplankton abundance 
 Increase in small cladocerans and copepods 
 Decline in pelagic zooplanktivores 
 Shift in fish community dynamics towards zoobenthivorous species 
 
For example, centrarchid fishes were responsible for zonation of submersed macrophytes 
during May-June because they removed lake vegetation (Eiatine minima) to create nests 
(Carpenter and McCreary, 1985). Further relationships have been seen for benthivorous fish 
and plants, where bioturbation increases suspended soilds and lake nutrients causing 
declines in phytoplankton and macrophytes (Breukelaar et al., 1994; Newcombe and 
Jensen, 1996; Tatrai et al., 1997; Williams et al., 2002; Newcombe, 2003; Scheffer et al., 
2003; Chumchal and Drenner, 2004; Miller and Crowl, 2006; Persson and Svensson, 2006a, 
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2006b; Roozen et al., 2007; Søndergaard et al., 2008a; Volta et al., 2013; Chapman et al., 
2014). 
These effects represent a change in ecosystem dynamics and a shift in community structure 
from a heterogeneous to a homogeneous environment causing trophic cascades. These 
cascades result from a reduction in predator biomass caused by unfavourable environmental 
changes created through nutrient enrichment and an increase in suspended sediment. Both 
can be induced through benthic foraging by fish and as a consequence, it can be seen that 
the environment is being modified to favour the benthivorous fish’s life strategy, potentially 
through ecosystem engineering. When these trophic cascades change the ecological state 
of a lake, it is possible to reverse their effects through biomanipulation whereby the benthic 
fish responsible are manually removed from the lake reducing their overall biomass (Meijer 
et al., 1990a). It has been shown that biomanipulation can lead to substantial increases in 
water transparency (Meijer et al., 1990a), reduction in turbidity values (Meijer and Hosper, 
1997), decrease in the nutrient and heavy metal availability (Horppila et al., 2017), 
recolonisation of macrophytes (Søndergaard et al., 2017), shifts in community structure 
amongst fish and plankton species (Olin et al., 2006), an increase in macroinvertebrate 
richness (Svensson et al., 1999) and reductions in cyanobacterial blooms (Triest et al., 
2015). Most of these studies found bream to be the biggest factor in changing the ecological 
state however, carp, roach (Rutilus rutilus (L.) and tench were also shown to be responsible 
(Søndergaard et al., 1997; Horppila et al., 1998; Keto and Tallberg, 2000; Skov et al., 2002; 
Beklioglu and Tan, 2008; Søndergaard et al., 2008b; De Backer et al., 2012). 
Research has highlighted similar zoogeomorphic and ecosystem engineering trends 
amongst other species of fish. The migration behaviour in Prochilodus mariae, a flannel-
mouthed characiform in Andean streams, has been examined and found that they 
significantly affected community dynamics by reducing sediment accrual during feeding 
(Flecker, 1996, 1997). Using areas including and excluding the flannel-mouthed characiform 
it was found that increased sediment mobilisation through feeding reduced the levels of algal 
and invertebrate assemblages. Specifically, and most notably, diatoms were seen to 
decrease dramatically whereas cyanobacteria levels increased sharply through the flannel-
mouthed characiform facilitating nitrogen fixing. Later research examined the effects that fish 
have on limiting nutrients as it was found that the stream algae were nitrogen limited 
(Flecker et al., 2002). It was found that through fish activity, nitrogen and phosphorus levels 
rose but, only nitrogen appeared to increase levels of algal and cyanobacteria biomass. 
Similar findings have been found in mesocosm experiments where the effect of omnivorous 
fish on nutrient concentrations were assessed (Glaholt and Vanni, 2005). Results showed 
that fish increased the concentration of both nitrogen and phosphorus through ingestion of 
  16 
natural prey, which indirectly increased total algal biomass and the flux of nutrients to the 
surrounding sediments.  
Although research into the effects of fish feeding in fine sediment environments are well 
established in shallow lakes; and there is some work around fine sediment in rivers, 
research about impacts on coarser sediments is clearly lacking. Nevertheless, recent work 
has attempted to measure the direct effect of benthivorous fish upon sediment transport 
within gravel bed rivers (Statzner, Sagnes, et al., 2003; Pledger et al., 2014, 2016, 2017; 
Rice et al., 2019). The European barbel (Barbus barbus (L.) forages amongst gravel 
substrate in its hunt for food and indirectly moves gravel particles. Barbel have been shown 
through flume experimentation that collectively they reduced the percentage of sand and 
algae in the surface layer significantly more than an individual barbel (Statzner and Sagnes, 
2008) and have also demonstrated that their foraging can modify the structure and 
topography of gravel substrates (Pledger et al., 2014). These modifications to the gravel 
characteristics can increase entrainment rates and the total amount of sediment moved 
during the next high flow event. Average bedload flux increased by 60% and the total 
number of grains transported during the entrainment phase increased by 82% on barbel 
foraged areas (Pledger et al., 2014). This effect was later shown to increase with fish size 
and although the net impact of barbel was greater, it was also evident following foraging by 
chub (Squalius cephalus (L.)) (Pledger et al., 2016). In-situ experimentation on the River Idle 
examined patch, riffle and reach scale impacts of foraging fish (Pledger et al., 2017). It was 
found that fish displaced particle sizes < 90 mm in diameter and, similarly to the flume 
experiments, increased bed surface microtopography. However, unlike the flume 
experiments, there was a reduced level of entrainment and bedload flux caused by localised 
coarsening. Further work placed washers vertically between bed surface grains and left then 
for 24-hours to monitor the disturbance by fish. The washers were recovered after the 24-
hour window and any washers that had fallen over, in absence of any hydraulic forcing, were 
likely disturbed by foraging fish. On average, the total area of disturbance amongst the riffles 
was calculated at 26.1% (Pledger et al., 2017). These results should be taken with caution 
however, as there was no validation that barbel were responsible for knocking over the 
washers, only presumptions. Further, these measurements were taken at only one habitat 
type that barbel utilise, which is shallow making the bed more susceptible to disturbance 
from other sources. Therefore, attempting to scale these experiments will likely result in 
significant uncertainty. 
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 Invertebrates 
 
Macroinvertebrates 
Macroinvertebrates have been shown to affect the environment in numerous ways. The first 
research articles assessed the case construction by Chironomus riparius which displayed a 
preference to benthic sources of algal substrate in the construction of their cases (Edgar and 
Meadows, 1969). Later work found that Chironomus lumosus and chironomidae larvae 
respectively took sediment particles needed for case construction from surface sand, 
detritus and diatoms with a preference to the finer sediments (Mclachlan, 1977; Brennan and 
McLachlan, 1979). McLanchlan (1977) postulated that if Chironomus lumosus were found in 
high densities, they would require significant quantities of fine sediment to create their large 
20 mm cases. Unaware to these authors, their research was highlighting the potential 
zoogeomorphic/ecosystem engineering properties of macroinvertebrates given that these 
examples confirm to the parameters required as ecosystem engineers outlined by Moore 
(2006).  
More recent work has quantified the effects of macroinvertebrates as geomorphic agents. 
One area of interest has been if macroinvertebrates either stabilize or destabilize riverbeds. 
Research using flume experiments showed that caddisflies (hydropsychidae) (one of the 
most abundant and widely distributed lotic insects) act as ecosystem engineers by stabilising 
the river bed substrate during flood events, because their filtration nets tie sediments 
together (Figure 2.5) (Cardinale et al., 2004). It was found that it required 10-30% higher 
velocities to begin surface erosion, and once velocities were increased to levels where scour 
would take place, 57 – 100% of the bed substrate remained stable. Later work quantified the 
bed stabilising effect using in-situ experiments on hydropsychidae caddisfly larvae in the 
River Soar, with the use of sediment traps and later ex-situ experimentation to quantify the 
effects of natural colonization in natural conditions (Johnson et al., 2009). It was found that 
the sediment traps that were colonized by hydropsychidae required a greater shear stress 
for entrainment in comparison to the control traps. Similar work found that Hydropsyche 
siltalai in natural densities were responsible for bed stabilization, where critical shear stress 
increased by as much as a factor of two when tested in a laboratory (Statzner et al., 1999). 
However, it was also showed that predaceous stoneflies (Dinocras cephalotes) can act as 
bed destabilizers when they are low on prey items, as they erode the surrounding sand thus 
increasing the interstices between cobbles to allow for a higher chance of catching prey 
items (Statzner et al., 1996). Through this removal of interstitial sand, predaceous stoneflies 
under natural densities could be responsible for the movement of 200–400 kg sand m-2 yr-1.  
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Figure 2.5: Example of bed stabilization by hydropsychidae caddisfly where their silk has 
bonded multiple stones together. (Source: Prof. Stephen Rice). 
Invertebrates are also shown to significantly influence microbial activities and 
biogeochemical processes by the alteration of sediments and water in the hyporheic zone of 
rivers (Mermillod-Blondin and Rosenberg, 2006). Bioturbation is caused when 
macroinvertebrates burrow into the hyporheic zone and expel the sediment from their 
burrows. Macroinvertebrates can modify the distribution of sediment particles through 
burrowing, and in turn increase the porosity of sediment (Mermillod-Blondin et al., 2003). 
Research has shown that macroinvertebrates (with reference to asellids, chironomid larvae, 
and tubificid worms) act as ecosystem engineers in heterogeneous sediments through the 
physio-chemical alterations of the hyporheic zone (Mermillod-Blondin et al., 2003). Further 
research has shown that bioturbation by chironomids and tubificids can reduce the clogging 
of sediment. The tubificid worms, which dig “galleries” within the sediment, allow for 
adequate water flow to reach the interstitial gaps thus reducing clogging of sediment through 
hydraulic pressures (Nogaro et al., 2006).  
In the context of examining the influence of macroinvertebrate predation, several studies 
have noted impacts on mineral sediment and potential ecosystem engineering effects. In a 
tropical island stream, the effects of freshwater shrimp predation were assessed as they are 
often the dominant macroinvertebrate consumers (March et al., 2002). It was found that in 
controlled sites without the presence of shrimp, there was greater accrual of organic and 
inorganic material, chlorophyll-a and algal biomass. It has been shown that freshwater 
shrimps can play an important role in determining benthic community dynamics, though it 
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must be noted that in the presence of other biota higher in the food chain (i.e. fish), that the 
results would likely be different through top-down mechanisms. Similar research in coastal 
streams found, comparably, that exclusion of shrimps (Atyidae and Palaemonidae) and 
ephemeropterans (Baetidae) from control sites resulted in up to a 20-fold increase in organic 
and inorganic matter, specifically chlorophyll-a (Moulton et al., 2004). Interestingly, within the 
same study area, shrimps were responsible for a significant decrease in chironomids, 
periphyton and sediments (Souza et al., 2007). Shrimps have also been shown to removed 
fine sediment in tropical streams in addition to the biotic factors mentioned above – from 
areas they inhabit (Pringle et al., 1993). This conclusion was reached because sediment 
accumulated in exclusion control sites in comparison to shrimp sites and later the removal of 
fine sediments by shrimps after a storm event added sediment to the non-control sites. 
Although the research above has concentrated on tropical streams, different results were 
found for Atlantic forest streams (though still in Brazil) (Visoni and Moulton, 2003). Using the 
same exclusion methodology, it was found that atyid (Potimirim glabra) and palaemonid 
(Macrobrachium olfersi) shrimp were responsible for the removal of fine sediment. However, 
in the exclusion zones, levels of chlorophyll-a decreased in response to increased fine 
sediment accrual which reduced periphyton growth. Interestingly stoneflies (Megarcys 
signata) in the Rocky Mountains also found the same removal pattern of fine sediments 
using the exclusion method and – like shrimp – this is thought to be a result of foraging for 
prey items on the bed substrate (March et al., 2002).  
Crayfish 
Recent studies have shown that multiple crayfish species can be responsible for 
destabilizing coarse river bed materials and generating large quantities of suspended solids 
that may increase sediment transport rates (Statzner and Peltret, 2006; Matsuzaki et al., 
2009; Rice et al., 2014; Albertson and Daniels, 2016; Mathers et al., 2016; Rice et al., 2016). 
As such, recent studies have looked to quantify the effects of crayfish to make more 
sophisticated models.  
Numerous studies have shown that crayfish cause bioturbation through behavioural 
activities such as predating (Angeler et al., 2001), feeding/foraging (Angeler et al., 2003; 
Fortino, 2006), fighting (Rice et al., 2014) and burrowing (Guan, 1994) and recent research 
has specifically linked increases in suspended solids to crayfish (Pacifastacus leniusculus) 
diel preference to nocturnal activity (Rice et al., 2014). 
Numerous studies in lakes have compared crayfish populated areas and areas where 
crayfish were excluded. In lakes, crayfish change macrophytes-dominated clear water state 
to a phytoplankton-dominated turbid water state through bioturbation, excretion, 
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consumption and other behaviours (fighting, burrowing, etc.) (Angeler et al., 2003; 
Rodríguez et al., 2003; Matsuzaki et al., 2009). Other research has supported these findings 
where it was shown that American red swamp crayfish (Procambarus clarkii) alter clear 
lakes to turbid conditions and are accountable for the eradication of submerged vegetation 
through bioturbation caused by feeding and burrowing (Souty-Grosset et al., 2016). 
Though almost all studies have suggested that crayfish species have significant impacts 
upon suspended sediment, one study has shown that the contribution is “negligible” (Angeler 
et al., 2001). It was shown that although the American red swamp crayfish translocated 
sediment and nutrients into the water column, increasing phosphorus, ammonia and 
suspended solids by bioturbation over the whole wetland ecosystem their contribution to 
nutrient loading was only 0.06%. This may point to site specific vectors which limit the 
crayfish activity (e.g. high predation or lack of food) or perhaps the population of crayfish had 
yet to reach carrying capacity. Either way, the studies have shown that crayfish bioturbation 
and feeding mode are involved in water quality decline that is correlated primarily with 
crayfish feeding (Angeler et al., 2003). 
Bioturbation is not the only process responsible for increased fine sediment pollution by 
crayfish. Guan (1994) noted that when studying crayfish burrowing behaviour, parts of 
riverbanks that had high densities (2.8 and 5.6 burrows per meter) were susceptible to 
collapse and thus increasing sediment input. It is possible that collapsing rivers banks will 
introduce large amounts of fine sediment into rivers and indirectly increase the flood risk in 
rivers by increasing river bed aggradation and reducing conveyance (Figure 2.6). 
 
Figure 2.6: High densities of Crayfish borrows which can lead to riverbank collapsing 
and increased fine sediment at the River Welland, UK. (Source: Prof. Stephen Rice). 
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There are numerous studies that have focused upon the way crayfish, as ecosystem 
engineers, affect and alter the ecosystem dynamics. New Zealand freshwater crayfish 
(Paranephrops planifrons) play a vital role in the structuring of benthic macroinvertebrate 
communities through predation and bioturbation in artificial streams (Parkyn et al., 1997). It 
was shown that macroinvertebrate taxa richness and overall biomass significantly decreased 
in crayfish-treated sites, in comparison to control sites. In-situ experimentation has found 
similar results where a decrease in macroinvertebrate abundance was shown to be a result 
of resource consumption, predation and bioturbation (Usio, 2000). Usio and Townsend, 
(2004) showed that levels of macroinvertebrates and fines were reduced over the course of 
their 50-day study, suggesting that removal of fine sediment by crayfish was a primary 
mechanism underlying differences in invertebrate densities (Usio and Townsend, 2004). 
These relationships have been assessed with the use of historical Environment Agency (EA) 
data and have show that signal crayfish have a significant effect upon the macroinvertebrate 
community reducing both biomass and diversity (Mathers et al., 2016). However, 
Appalachian brook crayfish (Cambarus bartonii) which are common in headwater streams of 
eastern North America, did not have a significant effect on macroinvertebrate communities 
even though they were responsible for the increase in leaf breakdown in addition to reducing 
fine particles (Creed and Reed, 2005). Though this one study has shown no significant effect 
upon macroinvertebrate populations it is most likely that crayfish populations have not 
reached carrying capacity in order to significantly predate upon the macroinvertebrate 
community.  
Other research has examined the physical alterations of riverbed substrate using ex-situ 
flume experiments. Crayfish reworking of the riverbed substrate differs depending on the 
river substrate type, with levels of critical shear stress for particle mobilisation decreasing 
depending upon substrate type – sand - 50%, riffles - 75% and no impact on gravels in pools 
(Statzner, Peltret, et al., 2003). When gravels were examined further, shear stress for 
entrainment declined by 75% when compared to flumes without crayfish (Statzner, Peltret, et 
al., 2003). Further to this work, crayfish are shown to have caused 47% of the variability in 
base flow gravel transport and 72% of the variability in critical gravel shear stress (Statzner 
and Peltret, 2006). These numbers are incredibly high and show that scaling into streams 
would suggest that crayfish could be a prolific geomorphic agent. This was assessed using 
repeat laser scanning of six gravel substrates to measure crayfish activity on fluvial 
substrates (Johnson et al., 2010). It was found that surface topography volume changed by 
450 cm3 over an area of 2400 cm2, giving a sediment displacement of 1.7 kg m−2d−1. In total, 
crayfish reworked 78% of the surface, reduced armouring, increasing surface roughness and 
potentially reducing entrainment stress. These factors were later assessed in flume 
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experiments using water worked gravel substrates to measure crayfish disturbance 
(Johnson et al., 2011). It was found that the previous assumption about reduction in 
entrainment stress was correct as it was shown that crayfish significantly increased 
entrainment. 
 Higher animals in the food chain 
There are numerous papers that have examined the effects of animals as geomorphic 
agents and ecosystem engineers, for example: earthworms (Babu Ojha and Devkota, 2014), 
flamingos (Scott et al., 2012), Wolves (Ripple and Beschta, 2006), wildebeest (Gereta and 
Wolanski, 1998), hippos (McCarthy et al., 1998) and cougars (Ripple and Beschta, 2006),  to 
name a few. This review however will focus upon two key animals that have been shown to 
effect fluvial geomorphology and river morphology, beavers and cattle due to their potential 
impact upon aquatic biota. 
Beavers 
Beavers are a keystone species in both zoogeomorphology (Butler, 1995) and ecosystem 
engineering (Hood and Larson, 2015a), given their large and very noticeable dam 
constructions (Figure 2.7). This idea is cemented in the only zoogeomorphology book to 
date where beavers have a dedicated chapter (Butler, 1995).  In the past, beavers have 
suffered over-exploitation through hunting, but since the 1920s, populations have stabilised 
due to protective legislation and reintroduction programs (Rosell et al., 2005).  
Beavers are of importance because they alter stream and river dynamics – specifically 
morphology and hydrology – through the removal of surrounding vegetation and creation of 
their dams (Naiman et al., 1988; Gurnell, 1998; Rosell et al., 2005). Not only do these dams 
impound water upstream and deplete water downstream, but they also retain sediment and 
organic matter. Through direct changes to morphology and hydrology, beavers indirectly 
increase heterogeneity (Hood and Larson, 2015b), habitat and species diversity (Butler and 
Malanson, 1995) and impact ecological succession and species composition (Wright et al., 
2002; Rosell et al., 2005; Westbrook et al., 2016). Where there are high densities of 
beavers, further hydrological and morphological alterations can occur, including changes 
along a stream’s longitudinal course (Butler and Malanson, 1995). 
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Figure 2.7: Beaver dam on a stream in North America. Changes in river levels can be 
seen above and below the dam. Extensive beaver meadows can also be seen in the 
surrounding areas. (Source: Beavers Dam Good for Songbirds – wcs.org). 
These physical alterations have both direct and indirect effects whereby their actions lead to 
the creation of wetlands, changes in nutrient levels and decomposition cycles in addition to 
changing community dynamics and diversities of flora and fauna (Francis et al., 1985; 
Naiman et al., 1986).  Beaver dams are such a prominent feature within waterways that 
once sediment deposition occurs, the woody debris used to construct the dam becomes 
firmly bound together, making the structure highly resistant to further erosion (Butler and 
Malanson, 1995). 
Studies have found that pond infilling was directly proportional to water level rises though 
with a lag time of several years (Ives, 1942). Later work found that the annual sedimentation 
rates at beaver dams were between 0.35-0.6 cm yr-1 (Devito and Dillon, 1993) and in similar 
research in the Columbia River basin, aggradation rates were found to range between 
0.075-0.47 m yr-1 depending upon the age of dam construction - the newer the build, higher 
the aggradation rate (Pollock et al., 2007). However, no relationship existed between the 
amount of sediment retained and the size of a beaver dam although, there was a significant 
relationship between the amount of sediment and the surface area of the pond (p = < 0.01) 
(Naiman et al., 1988). 
Beaver dams can overflow, and it has been shown that dams up to 1.7 m high can induce 
overbank flooding, which can kill the surrounding vegetation through flooding and sediment 
deposition (Westbrook et al., 2011). Though initially this might seem negative, once the 
water has receded, what is left behind is rich fertile soil that can be colonised by new 
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vegetation leading to the development of wetlands and beaver meadows (Westwood et al. 
2010). These beaver meadows have been shown to increase the level of herbaceous plants 
in the riparian zone by over 33% (Wright et al., 2002) leading to increased species richness. 
Further work looking at the relationships between volume-to-surface ratio of wetlands found 
that beavers were responsible for a 50% increase in land mass (Hood and Larson, 2015b). It 
was found that the increased volume-to-surface ratio allowed for more interactions between 
the riverine, riparian and upland forests as it was estimated that the total amount of soil 
displacement exceeded 22,300 m3 within a relatively small area of 13 km2.  
It has been argued that beaver dams are a key asset to reduce flood risk, keep connectivity 
between aquatic environments, and increase habitat heterogeneity (Francis et al., 1985; 
Naiman et al., 1986; Wright et al., 2002; Rosell et al., 2005; Hood and Larson, 2015b). 
Cattle 
One of the largest contributors to sediment pollution in rivers and streams are grazing 
animals (Agouridis et al., 2005). Cows have been described as geomorphic agents because 
their grazing indirectly reduces infiltration and increases run off, erosion and sediment yield 
(Figure 2.8) (Trimble and Mendel, 1995). Recent studies, however, have concentrated on 
the geomorphic effects of grazing/trampling at riverbanks (Trimble, 1994; Magilligan and 
Mcdowell, 1998). 
 
Figure 2.8: Numerous dairy cows crossing a river causing riverbank erosion and removal 
of fluvial fines once in the rivers. (Source: “Water - managing our most precious 
resource” www.niwa.co.nz). 
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Work in Denmark quantitatively assessed the sediment yield through sediment budgeting in 
order to learn the cumulative effect on sediment transport and erosion caused by cattle 
grazing (Laubel et al., 2003). It was shown that bank erosion had a mean erosion rate of 11 
mm year-1 though this varied depending upon site specific characteristics (vegetation type, 
angle of the bank etc.). It was calculated that sediment loss were at levels between 58 – 72 
kg ha-1 in comparison to 0.58 kg ha-1 in the control sites, demonstrating that bank erosion is 
a major contributor to suspended sediment in rivers, and thus increased fine sediment 
deposition (Laubel et al., 2003). 
Management strategies to combat this loss of sediment, including exclusion of cattle from 
riverbanks by fencing, have been trialled in the western United States (Magilligan and 
Mcdowell, 1998). It was hoped that the removal of cattle would reduce riparian degradation 
and fish habitat loss from sedimentation that has been shown to be a direct response to 
cattle grazing. It was shown that cattle grazing significantly altered the geomorphology of 
rivers through sediment deposition with reductions in bankfull dimensions by 10 – 20% and 
increases in pool areas between 8 – 15% of their original size.   
These studies have shown that cows act as geomorphic agents in sediment transport and 
are accountable for large levels of deposited sediment into rivers. However, it must be noted 
that management strategies have been shown to work, which is important in river restoration 
projects, especially in areas trying to remove fine sediment inputs. 
2.2 Interactions between fish and fine sediment 
Although many fish species never interact with the river, lake or seabed at any point in their 
lives, a significant proportion of fish species are either directly or indirectly connected to the 
bed substrate in some way (Nikolsky, 1963). For example, it was found that bream in the 
Aral Sea had a preference to clay-based substrates during a certain time of year, a 
behaviour later explained to be the seasonal variation in macroinvertebrate colonisation 
rates in this particular substrate (Nikolsky, 1963). 
In many cases, there are direct connections between a species of fish and the substrate 
they inhabit. For example, burrowing fish are adapted to live in soft mud substrate, 
cyclostomes have evolved a sucker which allows them to adhere to stony substrate and the 
colour of fish (to some degree) as seen from above, is dependent upon the pattern and 
colour of the substrate below. 
Within the UK, arguably the most interesting direct interaction with the bed substrate is that 
of the bullhead (Cottus gobio L.). Bullheads occupy habitats underneath large bed particles 
(cobbles and boulders) and form a behavioural association to a single rock termed their 
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’home’ stone which they live under and remain faithful to for numerous years (Maitland and 
Campbell, 1992; Pecl, 1990). Experiments have shown that bullheads have a fixation with 
their ‘home’ stone and once it has been moved, they will seek to relocate it, choosing it 
above all other stones (Smyly, 1957). 
Lampreys also have a high affinity to the bed substrate. Brook lamprey (Lampetra planeri 
(B.)), river lamprey (Lampetra fluviatilis (L.)) and sea lamprey all share a similar breeding 
cycle whereupon hatching, the young (known as ammocoetes) are washed downstream to 
areas of slack water and fine sediment. Here, they burrow into the sediment creating tunnels 
from which they filter feed on organic matter (bacteria, algae and diatoms) by pumping and 
flushing water in and out of their tunnels. They spend between 3 – 7 years in these burrows 
during which time they can alter the surrounding biogeochemistry of the substrate (Maitland 
and Campbell, 1992). Although juvenile lampreys are the only species which buries itself 
into the sediment within UK rivers, many species can burrow into the ground to some extent.  
Numerous species penetrate the substrate bed during the formation of spawning areas 
(redds) and/or in the search for benthic food. Firstly, salmonids including Atlantic salmon 
(Salmo salar L.), brown trout (Salmo trutta L.) and Grayling (Thymallus thymallus (L.)), 
cyprinids including Barbel and the petromyzontids (lampreys as mentioned above) all lay 
eggs into gravel substrate within rivers (Winfield and Nelson, 1991; Maitland and Campbell, 
1992). These fish clear areas of fine sediment from gravels by undulating their tail creating 
small shallows within the gravel bed known as redds. These alter both the microtopography 
and micro-hydraulics to facilitate water flow over the eggs to promote high levels of 
oxygenation and the removal of waste metabolites from the eggs (for a full review please 
see section 2.1.1). Secondly, although there are numerous feeding methods utilised by fish, 
many rely upon extracting macroinvertebrates from the bed and the mode in which they feed 
depends upon the substrate. Moving forward, this review will focus upon the feeding of fish 
within the substrate.  
 Feeding modes 
The mode of feeding that fish use is dictated not only by their life stage or trophic position 
but also by the environment around them. Evolution and adaption over millions of years has 
enabled fish to become specialised feeders within different environments using a variety of 
feeding modes (Gerking, 1994). The principle accepted model is the optimal foraging theory 
which attempts to predict how animals can achieve a maximum net energy gain with the 
objective of maximising lifetime reproductive success or fitness (Pyke, 1984). The optimal 
foraging theory considers the total amount of energy that is consumed as food, minus the 
energy costs of obtaining and handling that food item(s), to provide an overall value of 
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energy. To achieve a maximum net energy gain, there are three factors that must be taken 
into consideration: 1. Decisions – To attack or not to attack the prey item; 2. Currency – the 
energy costs and gains from a prey item; and 3. Constraints – the factors defining the 
relationship between decision and currency (Townsend and Winfield, 1985). Constraints can 
be difficult to identify because both physiological (such as stomach fullness or hunger) and 
environmental (such as temperature or water velocity) variables can affect any decision 
made by a fish and because these constraints are dynamic, each decision has to be unique. 
Suction feeding is the predominant feeding mode amongst fishes (with some exceptions 
such as piscivorous fish i.e. quaternary consumers). Suction feeding is achieved by the 
expansion of the fish’s buccal cavity creating an area of negative pressure. Once this is 
achieved, a fish can open its mouth causing the negative pressure to draw water inside their 
mouths along with the prey item(s) (Winfield and Nelson, 1991). Although fish have varying 
adaptions to assist in feeding at different levels in the water column (i.e. superior mouth 
where the mouth is oriented upwards to assist in surface feeding, terminal mouth where the 
mouth is pointing straight forward for mid-water feeders and inferior mouths where the 
mouth is pointing downwards for benthic feeding) the mode of feeding is still the same. 
Indeed, suction feeding is the most versatile mode of feeding amongst all vertebrates 
because it is adopted by the majority of teleosts (96% of all fish) for capturing food. For 
example, capturing insects stuck on the surface, claiming plankton in the midwater and 
benthic feeders extracting food from the bed or from rocks (Gerking, 1994). 
 Benthic feeding 
Benthic feeders have specialist adaptions to gain access to prey items that are located 
within the substrate. Although the feeding mode is constant, Durbin (1992) has shown that 
there are shifts in feeding technique in relation to both particle size and density. 
Within aquatic environments where substrate particles are larger than 2 mm (gravels and 
cobbles), fish adopt particulate feeding where they catch individual prey items that live in or 
on the substrate. Fish can gain access to prey items that live amongst the substrate by 
directly pushing and/or moving the substrate aside with their body to reveal the prey items 
beneath. Conversely, in fine sediment environments (< 2 mm – sand and smaller), fish adopt 
the filter feeding method whereby both sediment and prey items that dwell within the 
sediment are drawn directly into their mouths. They then filter out the prey items from the 
sediment (Nikolsky, 1963). The separating of sediment and prey items is carried out in the 
pharyngeal split where a series of dense taste buds locate the prey items and retain them for 
digestion (Hoogenboezem, 1991). The surplus fine sediment is released behind the opercula 
whereas particles that are too big to be filtered are ejected through the mouth (Winfield and 
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Nelson, 1991). Filter feeding requires additional energy compared with particulate feeding, 
so once the energy trade-off between foraging and feeding is no longer beneficial, the fish 
will either stop feeding or switch to particulate feeding where appropriate (Winfield and 
Nelson, 1991). Consequently, as time increases, the feeding strategy shifts more heavily in 
favour of particulate feeding to save the extra energy being used during filter feeding 
(Gerking, 1994). 
Certain fish, which rely heavily on filter feeding, where lack of light limits particulate feeding 
(i.e. turbid environments), have adapted to make the filtering process more energy efficient.  
The mechanical sieve model is employed by numerous fish to reduce the handling time of 
prey items, whereby after engulfing sediment and prey, the food items are passively 
separated from the sediment rather than actively separated in the pharyngeal split 
(Rubenstein and Koehl, 1977). This is achieved by the payload passing through the gill 
rakers of the fish which act as the sieve and retain food items. The inter-raker spacing (IRS) 
act as the pores, allowing the expulsion of sediment (Hoogenboezem et al., 1990). It has 
been shown that gill raker size and IRS increase directly with fish size so that smaller food 
items are rejected and expelled as fish grow, allowing for a more efficient energy intake by 
reducing handing time (Lammens, 1985; Winfield and Nelson, 1991). Within bream however, 
it has been shown that the IRS are not fixed and can be actively adjusted by altering the 
mesh size of their branchial sieve (Hoogenboezem et al., 1990). This ability to dynamically 
adjust their sieve size allows for a higher flexibility in food uptake, particularly in times of 
hardship when prey densities are low, so that the fish can attempt to gain an increase in 
energy by collecting larger quantities of smaller desirable prey items (Van den Berg et al., 
1994). Furthermore, this ability allows bream to selectively hunt prey items that are higher in 
energy by adjusting their IRS accordingly. 
It has been shown that different age classes and species of benthivorous fish feed upon the 
same sized substrates. However, the feeding responses can be significantly different. The 
optimum feeding efficiency is shown to differ with ontology and amongst species. This 
optimum efficiency relates to both the handling time of the sediment and prey items within 
the mouth and the size of the IRS, which determines the maximum size of the sediment 
particles allowed to pass through the sieve (Hoogenboezem, 1991; Winfield and Nelson, 
1991). For example, although small sediment particles (< 2 mm) can easily pass through the 
IRS so reducing handling time, taking repeated mouthfuls of cohesive sediment is energy 
intensive. Not only does the cohesiveness of the sediment effect efficiency but also the 
depth at which the prey items lie (Suietov, 1939). Different species of cyprinids (Roach, 
Bream (small and large) and Silver bream - Blicca bjoerkna (L.)) all have high levels of 
feeding efficiency when prey items are buried at a depth of 1 cm (Lammens et al., 1987). 
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However, once the prey items were buried ≥ 2 cm within the sediment, feeding efficiency 
was shown to decline for all species and foraging was halted altogether by roach and silver 
bream due to the increased energetic demands of foraging. Similarly different species which 
feed on benthos, are able to penetrate to different depths into the sediment (Figure 2.9) and 
that penetration depth differed depending on the sediment type (Figure 2.10) (Suietov, 
1939). This is to be expected given the different primary feeding modes amongst the test 
species and the cohesiveness of the sediment used. However, as previously discussed, 
feeding efficiency changes with ontology so although the fish were all similar lengths, given 
that each species has different growth rates, it is likely that these fish were made up of 
different age classes and thus have different energy demands. What it does display is that 
different species are adapted to “dig” greater than others in the hunt for food and 
consequently, the ability to alter the water-sediment interface is significantly higher amongst 
those which dig deepest. 
Both bream and carp can create large suction forces when feeding and have filter mesh 
sizes that are more suitable for feeding in deeper layers of the sediment (Winfield and 
Nelson, 1991). This ability to dig deeper into the sediment has its advantages as larger 
chironomid larvae inhabit these areas (Suietov, 1939). Comparisons of gut contents 
between bream and carp feeding upon chironomid larvae in the same environment 
displayed segregation in chironomid size with carp, which are larger, containing larger 
chironomids (Winfield and Nelson, 1991). Both retention and digging capacities were 
involved in the feeding selectivity because the larger carp are unable to retain smaller 
chironomids due to their larger IRS which requires them to dig further into the sediment in 
comparison to bream. 
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Figure 2.9: Depth of penetration into the ground by various species of benthophagic 
fishes (adapted from Suietov, 1939). 
 
 
Figure 2.10: Depth of penetration by carp in various sediment substrate mixes in the 
search for food (adapted from Suietov, 1939). 
 
Like many macroinvertebrates, the distribution of chironomid larvae is not homogeneous but 
rather, they are found clumped together either vertically or horizontally (Beattie, 1982). 
Consequently, many benthivorous fish must sample the sediment to ascertain the presences 
of chironomid larvae through a set of random engulfment’s of sediment (Robotham, 1982). 
Both bream and roach have been shown to take these randomised engulfment’s, even on 
empty substratum in the hunt for food (Uribe and Sibbing, 1984), and once a chironomid 
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population has been located, foraging has been shown to increase linearly with the density 
of chironomid larvae present (Lammens et al., 1987). As bream are not able to monitor their 
own environment for the location of prey items, the only way for bream to assess if an area 
is profitable – in terms of energy – is to take these randomised engulfments. Thus, the 
overall profitability by bream is determined by prey density, their depths within the substrate 
(Lammens et al., 1987) and the substrate type itself (Suietov, 1939). 
 Ecosystem Effects of fish-induced suspended sediment 
Within shallow lakes, benthivorous fish can induce changes within the environment at the 
ecosystem scale, primarily through increases in suspended sediment (Carpenter et al., 
1985; Pietsch and Hirsch, 2015). Consequently, the alternative equilibria theory was 
suggested as a method to describe these differences in shallow lakes (Scheffer, 1990). It 
states that lake ecosystems only have two states: the first state is that of a clear lake that 
supports a rich flora and fauna diversity and a high biomass (heterogenous in nature); 
whereas the second state is the opposite whereby the lake is turbid with little flora and fauna 
diversity (Scheffer, 1990; Scheffer et al., 1993).  
Sediment resuspension is caused by water velocity and/or wind induced waves which 
applies a level of shear stress to the sediment bed. Once the critical shear stress is 
exceeded, sediment is suspended into the water column by turbulence (Horppila et al., 
2015). Suspension varies between waterbodies where, sediment size and time since 
deposition, amongst other factors, affect critical shear and water depth and velocity 
determine the applied shear stress (Naden, 2010). Although sediment resuspension and the 
consequent transport is a natural phenomenon, resuspension can alter a waterbody’s 
physical, chemical and biological characteristics and have deleterious effects if the level of 
suspended sediment remains high for a prolonged period (Scheffer, 1990; Pietsch and 
Hirsch, 2015). 
Sediment resuspension is largely regarded as an abiotic process, but biotic processes are 
also important. One biotic factor that has been shown to have a significant influence on the 
rate of sediment resuspension within lentic waters is feeding by benthivorous fish 
(Breukelaar et al., 1994; Jeppesen et al., 1998; Svensson et al., 1999). The suction mode of 
feeding amongst benthic feeders expunges sediment as a by-product (Winfield and Nelson, 
1991), a mechanism that is exacerbated in species that rely on taking randomised 
engulfment’s of the bed to locate their prey (Uribe and Sibbing, 1984). This expulsion of 
sediment suspends it within the water column if the turbulent energy created is greater than 
the gravitational pull upon the sediment (Horppila et al., 2015). The energy required to 
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suspend particles increases in line with particle size, so that suspension caused by feeding 
and therefore greater turbidity is more likely where the available sediment is fine.  
This action by fish is an example of bioturbation, the disturbance of sediments by living 
animals, which has been shown to increase levels of suspended sediment and thus turbidity. 
This is achieved via a number of mechanisms including: by direct sediment loading 
(Breukelaar et al., 1994; Barton et al., 2000); by nutrient translocation (such as phosphates 
and nitrites/nitrates) (Chakrabarty and Das, 2007), which given their limiting factor in 
phytoplankton growth can indirectly lead to increased growth rates and hence greater 
turbidity (Andersson et al., 1988; Brabrand et al., 1990); and by direct damage to 
macrophytes such as plant uprootal (Crivelli, 1981) which indirectly leads to increased wave-
induced sediment suspension (Bajer et al., 2009). Although there are many ecological 
processes that can contribute to changes in suspended sediment shifts (Scheffer et al., 
1993), macrophytes can be key because they can reduce suspended sediment levels by 
binding sediment via their root system and reducing the effect of wind induced sediment 
suspension (Ibelings et al., 2007).  
Other aquatic animals, such as macroinvertebrates, can cause bioturbation but fish have 
been shown to be the most significant and generate turbidity at higher levels than any other 
aquatic organism (Jeppesen et al., 1998; Svensson et al., 1999). However, just because an 
aquatic environment holds benthivorous fish it does not mean that bioturbation will 
necessarily affect the whole system. For example, deeper lakes would show less of an effect 
than shallow lakes due to the level of energy required to suspend the sediment into the 
higher levels of the water column (Zambrano et al., 2001). However, it is generally accepted 
that the introduction of benthivorous fish can cause significant damage to ecosystem 
functioning via bioturbation, increased sediment suspension and increased turbidity that 
cause ecological changes at both the community and ecosystem scale (Pietsch & Hirsch, 
2015). Consequently, benthivorous fish are adjudged to be significant ecosystem engineers 
in lakes through both their direct and indirect effects of feeding (Figure 2.11) (King, 1995). 
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Figure 2.11: Conceptual model of the major effects of benthivorous fish on structural and 
process components of a lake environment (adapted from King 1995). 
 
A review of the literature indicates that bioturbation affects lake ecosystems at all levels 
through both direct and indirect mechanisms, with the majority of research reporting an 
increase in suspended solids caused directly by fish (Table 2.2). The negative effect of fish 
bioturbation was first recorded in 1929 where increases in turbidity and decreases in 
macrophytes were noted after the invasion of common carp in a shallow lake (Cahn, 1929). 
Fish-induced suspension of sediment is driven predominantly by fish abundance (Power et 
al., 1996) but also the mode of feeding (Matthews, 1998), the trophic level of the organism 
(Carpenter et al., 1992) and their population structure (Davis et al., 2005). Further to this, it 
has been found that bioturbation differs between different fish species that share the same 
environment. For example, it was found that common bream created higher levels of 
suspended sediment than common carp in experimental ponds (Breukelaar et al., 1994) 
even though carp have the greatest capability to suspend sediment (Suietov, 1939). 
Multiple studies examining the changes in states amongst shallow lakes have shown varying 
levels of fish densities and biotic and abiotic relationships, even amongst the same species, 
where a shift to a turbid state takes place. Within a natural setting, suspended sediment 
concentration and common carp biomass have been shown to have a linear relationship 
(Breukelaar et al., 1994) whereby an increase in biomass has led to a decrease in water 
clarity (0.38 m-1 Secchi disc depth). Similarly, in controlled experiments carp raised turbidity 
four-fold within enclosures as opposed to empty enclosures (Fischer et al., 2013). 
Nevertheless, increases in turbidity have also been seen at low densities (Richardson et al., 
1990; Drenner et al., 1998; Chumchal et al., 2005). It is however, generally accepted that the 
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critical threshold at which a water body changes from a clear water to a turbid state is 
determined by biomass levels between 200 – 320 kg ha-1 (Zambrano and Hinojosa, 1999). It 
is possible however, that smaller population densities can shift the state of a water body 
over a longer temporal scale due to the decline in the abundance of macroinvertebrates 
resulting from an increased foraging for prey items and thus an increase in suspended 
sediment and sediment translocation (Werner and Anholt, 1993). Even if a waterbody is 
clear with low levels of benthic fish, sustained foraging during times of low prey densities can 
still result in a turbid state. Therefore, although average stocking densities can be used to 
estimate where the critical turbidity threshold will occur, site specific turbidity thresholds are 
required. 
Literature on the direct physical interaction with the sediment bed, is severely lacking. It is 
known that during the process of foraging and consequent bioturbation, fish directly interact 
with the active sediment layer (the sediment which then enters with the water column). 
However, benthic fish can alter the active layer of sediment by increasing sediment mixing 
and reducing the cohesiveness of sediment via foraging (Dieter, 1990). Both bream and carp 
can dig up to 12 cm, which increases both the active sediment layer and the overall 
sediment mixing depths respectively (Alikunhi, 1966; Panek, 1987). This effect, however, is 
not simplistic as it is determined by biotic and abiotic factors which can affect the active 
layer. For example, the abundance of organisms which dwell in the sediment, the foraging 
intensity for organisms in the sediment, the sediment characteristics and the velocity over 
the active layer all affect the mixing depth (Pietsch and Hirsch, 2015). However, given the 
potential for unnatural behaviour exhibited by fish whilst in captivity for experiments, those 
experiments which attempt to assess the mixing depths and associated effects with foraging 
must take this into consideration when interoperating results (Miller and Crowl, 2006; Huser 
et al., 2016). Consequently, when assessing how fish interact with the sediment-water 
interface, it is important to validate ex-situ results with in-situ observations.  
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Table 2.2: Direct (yellow) and indirect (orange) effects of bioturbation by benthivorous fish with example supporting studies (adapted from Pietsch 
& Hirsch, 2015). 
Ecosystem alterations Biotic Abiotic Effect type 
Effect 
Examples in literature 
1 2 3 
Zooplankton predation ✓ 
 
Change in Size structure Community structure Phytoplankton community structure Angeler et al. 1992 
Increase in 
   
King & Hunt, 1967 
Decrease in 
   
Meijer et al. 1990b 
Macroinvertebrate predation ✓ 
 
Change in Community Structure Abundance 
 
Fisher et al. 2013 
Increase in 
   
Kloskowski, 2011 
Decrease in 
   
Wahl et al. 2011 
Macrophyte damage ✓ 
 
Change in Community Structure 
  
Miller & Crowl, 2006 
Increase in 
   
Roozen et al. 2007 
Decrease in Abundance 
  
Williams et al. 2002 
Sediment resuspension 
 
✓ 
Change in Phytoplankton growth Phytoplankton community structure 
 
Breukalaar et al. 1994 
Increase in Nutrient loading Suspended solids Egg/embryo suffocation/smothering Meijer et al. 1990a 
Decrease in Dissolved Oxygen (DO) pH Light availability Matsuzaki et al. 2009 
Sediment destabilisation 
 
✓ 
Change in 
   
Korner & Dugdale, 2003 
Increase in 
   
Gulati & Van Donk, 2002 
Decrease in Macrophyte propagation Habitat degradation 
 
Pledger et al. 2016 
Excretion 
 
✓ 
Change in Phytoplankton growth 
  
Søndergaardet al. 1990 
Increase in Nutrient loading 
  
Tarvainen et al. 2002 
Decrease in 
   
Matsuzaki et al. 2007 
 36 
2.3 Bream and their environmental significance 
Bream, Abramis brama (Linnaeus, 1758), is a rheophobic benthivorous freshwater fish 
belonging to the family Cyprinidae and is the last species from the genius Abramis (Wheeler, 
1969; Wheeler, 1977) (Figure 2.12). Bream have multiple vernacular names such as: 
common bream, bronze bream or freshwater bream (Everard, 2013). 
 
Figure 2.12: An example of a common bream. Source: FishBase, 2014. 
 
Bream are widely distributed across mainland Europe and its conservation status has been 
categorised as “Least Concern” by the IUCN (Kottelat and Freyhof, 2007). Bream have a 
characteristic deep, narrow body shape, which lends itself to lentic environments (Cowx, 
1983a; Maitland and Campbell, 1992) in addition to efficient schooling behaviour allowing for 
multiple bream to be near each other in a small area (Wheeler, 1969; Maitland and 
Campbell, 1992; Winfield and Nelson, 1991; Kottelat and Freyhof, 2007). Growth rates 
amongst both sexes of bream in the UK are fast until the age of six where bream reach 
sexual maturity, thereafter growth rates are reduced significantly (Goldspink, 1981; Cowx, 
1983a). Furthermore females are generally larger than their male counterparts, taking 7 
years to reach >300 mm in comparison to 9 years amongst males (Cowx, 1983a).  
It has previously been suggested that bream ecology has received little scientific attention, 
especially in comparison to other cyprinid species (Cowx, 1983a) and this remains true. It is 
thought that the lack of literature is attributable to the difficulty in sampling and studying 
bream as they are found in wide, deep and heavily coloured rivers (Leeming, 1967; Cowx, 
1980, 1983a). This is in addition to their low sporting value relative to other recreational 
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species due to a perceived lack of “fight” (Goldspink, 1981; Cowx, 1983a). Historically, the 
fundamental literature is primarily centred on their feeding behaviour as a benthivorous fish 
(Lammens, 1982; Winfield et al., 1983; Lammens et al., 1987; Winfield and Townsend, 1988; 
Hoogenboezem et al., 1990; Hoogenboezem, 1991; Hoogenboezem et al., 1992; van den 
Berg et al., 1992; Breukelaar et al., 1994; Nagelkerke and Sibbing, 1996). However, recent 
studies of bream have concentrated on two main disciplines: genetics between the 
hybridisation of bream and roach (Slynko and Stolbunova, 2010; Slyn’ko and Slyn’ko, 2012; 
Nzau Matondo et al., 2011, 2012; Kuparinen et al., 2014; Hayden et al., 2014) and 
parasitology (Székely et al., 2010; Silkina et al., 2012; Wong and Gorb, 2013; Hao et al., 
2013; Palíková et al., 2014).  
This literature review will focus upon bioturbation caused by bream and will assess the gaps 
in the current scientific knowledge in addition to synthesising potential research questions. 
 Biogeography 
Distribution 
Bream are found throughout the palaearctic zoogeographical region with the highest 
numbers in mainland Europe and smaller quantities in western Asia; for example, in 
Afghanistan, Iran and Turkmenistan (Kottelat and Freyhof, 2007). Bream inhabit both 
freshwater and brackish habitats in addition to one sub population in Estonia which is found 
to reside in saltwater (Anonymous, 1999). The semi-anadromous lifestyle of some 
populations has been linked to feeding energetics in places where there are more feeding 
opportunities in transitional waters if compared to the riverine environments alone (Kottelat 
and Freyhof, 2007). However, the reason for the one halophile sub-population in Estonia 
remains elusive but it is thought, like the brackish populations, to be related to food 
availability (Anonymous, 1999). Bream have also been introduced as a food source or as an 
angling species into Europe (Ireland, Spain, Portugal, Turkey and Italy), Asia (China and 
Kyrgyzstan) and Algeria (Ma et al., 2003; Kottelat and Freyhof, 2007; Kara, 2012; FishBase, 
2014). Bream occupy large areas of the British Isles where they are exclusively found in 
freshwater environments, but they are absent in northern regions of Scotland primarily due 
to lower water temperatures (Backiel and Zawisza, 1968; Wheeler, 1969; Maitland and 
Campbell, 1992). Populations are reported to be more concentrated in central, southern and 
eastern England, which is also thought to reflect favoured temperature and flow regimes 
(Kottelat and Freyhof, 2007). 
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Figure 2.13: Canonical correspondence analysis bi-plot of species and abiotic flow 
variables. Arrows indicate environmental gradients which structure species composition. 
The direction and size of the arrows indicate the direction and size of the effect. All flows 
were modelled as QN flows. Circles highlight key associations or key individual species” 
(Cowx et al. 2012). 
 
Habitat Preference  
Bream are commonly associated with lentic ecosystems due to their affinity with slow flows 
or standing water bodies. As such, bream can be found in extensive numbers in the lowland 
reaches of medium and large rivers in addition to standing waters such as canals and warm 
shallow lakes all with a mud or silt substrate and vegetation (Kennedy and Fitzmaurice, 
1968; Wheeler, 1969; Probst et al., 2009; Everard, 2013). Bream also prefer deep 
backwaters in rivers, where they are found close to the river bottom, particularly during 
winter (Wheeler, 1969; Maitland and Campbell, 1992). This habitat preference has been 
categorised by “Huet’s classification of faunal zones in Western European” whereby waters 
deemed to be a “Bream Zone” are characteristically “very gentle” in respect to gradients and 
have “slow” currents (Huet, 1959). The original work by Huet has been updated by 
categorising riverine ecological guilds based upon species flow requirements (Figure 2.13) 
(Cowx et al., 2012). This is a more accurate representation of the community structure in 
comparison to Huet’s classification system because multiple variables are considered. The 
data set used in Cowx et al. (2012) was based upon the Environment Agency’s National 
Fisheries Population Database and was assessed against river slope, width and flow 
variables which were standardised to flow per metre width. Furthermore, flow was examined 
by identifying the differences between low flows (QN95), intermediate flows (QN70) and high 
flows (QN5) (Cowx et al., 2012). The canonical correspondence analysis bi-plot identifies 
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four ecological guilds A – D. Bream (Abr_bra in the figure) is in ecological guild C which is 
summarised as Eurytopic ‘a’ species that have a strong preference to slow flowing and/or 
standing waters. These standing or slow flowing waters are generally high in nutrients and/or 
eutrophic (Winfield and Nelson, 1991; Vašek and Kubečka, 2004; Kottelat and Freyhof, 
2007; Volta et al., 2013) and it has been shown that bream can thrive in these types of 
environments due to their high tolerance for a wide range of water conditions when 
compared with other ecological guilds (Table 2.3 and Figure 2.14) (Davies, 1977). This 
ability to cope with such thresholds enables bream to occupy large areas of riverine habitat. 
However, their distribution is limited by high flows and low temperatures (Cowx et al., 2012). 
Table 2.3: Water quality criteria regulating coarse fish communities (Davies, 1977) (# 
minimum values). 
Determinant 
Trout/ 
dace/perch/roach 
Perch/roach/bream Roach/bream 
Maximum Maximum Maximum Maximum Maximum Maximum 
desirable permissible desirable permissible desirable permissible 
Conductivity mS cm-1 2500 3750 3750 4900 4900 6000 
Total dissolved solids mg l-1 1700 2500 2500 3300 3300 4000 
Suspended solids mg l-1 25 40 25 80 80 400 
Temperature °C 20 22 23 26 25 28 
Dissolved oxygen mg l-1 # 7 4.5 5 3.5 4 2.5 
Chloride mg l-1 1000 1500 1500 2000 2000 2500 
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Figure 2.14: Presented are the water quality criteria regulating coarse fish communities. 
Taken from Davies (1977). 
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 Ecology and physiology 
Feeding 
The mechanism of feeding in bream has been heavily studied (Winfield et al., 1983; 
Geursen, 1984; Hoogenboezem et al., 1990; C. Van Den Berg et al., 1994; Persson and 
Brönmark, 2002). It has been shown that bream have two mechanisms of feeding: i. 
particular – where fish visually select prey that are eating and ii. filter feeding – where fish 
make randomized and non-randomized engulfing of sediment (Winfield et al., 1983; 
Hoogenboezem et al., 1990) – these are further outlined and described in Table 2.4. Both 
sediment particles and organisms are taken into the mouth through suction created from 
their protrusible upper jaw. Then the pharyngeal split and branchial sieve filter the substrate 
and control food retention, respectively (FishBase, 2014). Both sediment and organisms are 
separated in the pharyngeal split and sediment is released behind the opercula. Particles 
that are too big to be filtered are ejected through the mouth (Winfield & Nelson, 1991). 
Geursen (1984) has shown through flume experiments however, that increased grain size 
can decrease feeding efficiency in bream if sediment sizes reach 350 µm and 500 µm for 
small and large bream respectively. Prey is detected in the pharyngeal sieve through dense 
taste buds and once prey has been identified, feeding activity increases until the energy 
trade-off between foraging and feeding is no longer beneficial to the bream (Winfield & 
Nelson, 1991). 
Table 2.4: Types of feeding behaviour in bream. 
 Behaviour 
Particulate feeding  
i. Darting 
The fish begins sucking when swimming towards the prey thereby minimizing 
pushing water forwards and preventing evasive action (Winfield et al., 1983). 
ii. Gulping 
While the fish swims slowly it takes a series of snaps directed more or less towards 
local areas of higher plankton densities (Janssen, 1976; Sibbing, 1988). 
Filter feeding 
A slowly swimming, or stationary, fish taking a long series of suctions is pump filter 
feeding. The fish is not visually orientated and gulps to locate the prey or when prey 
are in high densities as an energy trade off (Lammens, 1985; Lammens et al., 1987; 
Winfield and Nelson, 1991). 
The branchial sieve is made up of branchial arches with inner and outer rows of gill rakers 
where the fifth arch forms the pharyngeal jaw (Winfield & Nelson, 1991). Food particles are 
sieved out between the inter-raker spacing’s (IRS) through multiple gulps of water and 
movements of the gill rakers (Winfield & Nelson, 1991). The sorting apparatus of the 
pharyngeal cavity is equipped with numerous taste buds that run adjacent to the gill rakers 
allowing for discrimination between food and non-food and the successful retention of small 
organisms such as benthic invertebrates (Zaret, 1980). 
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In smaller bream it is not possible to distinguish between particular and filter feeding. In 
comparison, large bream predominantly filter feed and are observed to forage more often 
(Hoogenboezem et al. 1990). Though the main feeding mechanism changes from particulate 
to filter feeding with increased ontogeny due to more efficient feeding at larger sizes, bream 
can selectively choose between the two feeding mechanisms at all life stages based upon 
fish size, density and distribution of prey, energy demands and light conditions (Winfield et 
al. 1983 and Hoogenboezem et al. 1990; Hoogenboezem, unpubl). This has been shown to 
be particularly advantageous amongst 0+ bream who have been found to be more efficient 
at catching copepods in comparison to other cyprinids (Winfield et al. 1983). 
Retention of particles in bream is not homogeneous because the IRS has been shown to 
selectively choose particle size and is thus heterogeneous in nature (Boyd, 1976; Lammens, 
1984; Hoogenboezem et al., 1990). More recent studies (Van Den Berg et al., 1994) have 
shown that bream can actively adjust the mesh size of its branchial sieve, thus achieving a 
higher flexibility in food uptake. Bream adjust their sieve size by lateral compressions in 
muscles found in the gill rakers which depress the channel width between the IRS reducing 
the diameter for when larger fish are required to forage on smaller organisms 
(Hoogenboezem et al. 1990). This ability to dynamically adjust their sieve size shows that in 
highly turbid water bream will still be able to filter feed effectively, thus decreasing feeding 
competition amongst other species in addition to allowing for an overall greater feeding 
selectivity.  
There has been relatively little work looking at the daily patterns of feeding in bream (Kogan, 
1970; Holanov and Tash, 1978; Bohl, 1979; Lammens, 1984; Gibson and Ezzi, 1985; Schulz 
and Berg, 1987; Diehl, 1988) and no studies have been carried out in the UK. All these 
studies were carried out in lakes and their observations are summarised in Figure 2.15. It 
has been shown that adult bream are able to feed equally as well in different light intensities, 
which is an advantage in turbid and eutrophic waters that will decrease inter-specific 
competition (Figure 2.15). However, juveniles have been shown to be light dependent in one 
study (Diehl, 1988). 
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Figure 2.15: Diel feeding of bream complied from different studies where the coloured 
blocks show the times bream were observed feeding between different studies. 
Migrations 
Bream migration has been heavily studied and their movements have been tracked in both 
rivers and canals (Whelan, 1983; Lyons and Lucas, 2002; Bazarov, 2011; Gardner et al., 
2013; Říha et al., 2013; Gardner et al., 2015). Within the British Isles it has been shown that 
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bream undertake migrations to feeding grounds covering up to 10 km per day in rivers 
(Langford et al., 1979; Langford, 1981) and similar distances in canals (Caffrey et al., 1996). 
These migrations are to reach feeding grounds and primarily begin at dusk and into the night 
(Lyons & Lucas, 2002). The area covered by these movements is known as their home 
range. Movements within larger channel systems are also positively associated with 
temperature and flow whereby bream are found in deeper water during the colder months 
and move into tributaries to escape high flows (Gardner et al. 2013).  
Diet 
Bream diet is positively correlated with ontogeny (Backiel and Zawisza, 1968; Cowx, 1983a; 
Winfield and Townsend, 1988; Hoogenboezem, 1989; Giles et al., 1990; Hoogenboezem 
and Van den Boogaart, 1993; Hoogenboezem, 2000; Persson and Brönmark, 2002), 
whereby diet choice is determined by: 
1. The place of foraging i.e. benthic and pelagic 
2. The mode of feeding: particulate or filter feeding 
3. Size of the food item. 
Each of the above is constrained by energetic costs, the presence of predators and the 
feeding of other species (Hoogenboezem et al., 1990).  
Juvenile bream (<15 cm) feed predominantly on zooplankton such as Cladocera and 
Copepoda, in pelagic environments (Lammens et al., 1987; Michelsen et al., 1994). Larger 
bream (>20 cm) switch to a more varied diet dominated by benthic invertebrates, such as 
chironomids, dipteran larvae and molluscs, which are extracted from the substrate through 
filter feeding (Lammens et al. 1987; Hogenboezem et al. 1992; Michelsen et al. 1994). The 
switch in diet from pelagic to benthic has been shown to differ between different rivers and 
lakes (Persson and Hansson, 1999) and appears to be dependent upon competitive feeding 
interactions (Persson and Brønmark, 2002). Detritus and debris may also form a large 
proportion of the diet in adult bream, constituting up to 50% of the gut contents, especially 
where animal food is limited (Cowx, 1983; Michelsen et al. 1994). It has been shown that 
prey preference is positively correlated with prey size and gape size and that prey size is 
positively correlated with ontogeny where prey changes from plankton to larger plankton 
(marcophagy) (Zaret, 1980). Bream have also been shown to switch their diet preference 
from one year to another (Giles et al., 1990). This shift shows selective feeding where 
conditions allow and has also been seen in Irish waters (Kennedy and Fitzmaurice, 1968).  
The literature on bream diet composition specifically in the British Isles is sparse (Cowx, 
1983; Giles, et al. 1990; Maitland and Campbell, 1992) but has been synthesised below 
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(Table 2.5). The diet composition of bream in the British Isles (Table 2.5) is shown to support 
the literature from other nations where a varied diet is achieved. However, it must be noted 
that these studies do not mention life stages and as such it is assumed that data presented 
represents both juvenile and adult life stages. 
Table 2.5: Diet of UK bream at undifferentiated life stages. 
Food Type Food Group Food name References 
Zoobenthos Amphipods Gammarus sp. 
Cowx, 1983; Giles, N.M. Street and R.M. 
Wright, 1990 
Zoobenthos Asellidae Asellus sp. 
Cowx, 1983; Giles, N.M. Street and R.M. 
Wright, 1990 
Zoobenthos Diptera Chironomidae 
Cowx, 1983; Giles, N.M. Street and R.M. 
Wright, 1990 
Zoobenthos Sialidae Sialis sp. Maitland, P.S. and R.N. Campbell, 1992 
Others 
Terrestrial 
organisms 
Unidentified terrestrial 
invertebrates 
Cowx, 1983; Giles, N.M. Street and R.M. 
Wright, 1990 
Plants Other plants Unidentified water plants 
Cowx, 1983; Giles, N.M. Street and R.M. 
Wright, 1990 
Zoobenthos 
Unidentified 
benthic 
crustacea 
Unidentified 
Cowx, 1983; Giles, N.M. Street and R.M. 
Wright, 1990 
Zoobenthos Chironomidae Midge Maitland, P.S. and R.N. Campbell, 1992 
Zoobenthos Megaloptera Alderfly Maitland, P.S. and R.N. Campbell, 1992 
Zoobenthos Trichoptera Caddis fly 
Cowx, 1983; Giles, N.M. Street and R.M. 
Wright, 1990 
Zoobenthos 
Pisidiidae 
(mollusks) 
Hydrobidae/Sphaeridae 
Cowx, 1983; Giles, N.M. Street and R.M. 
Wright, 1990 
Zooplankton 
Planktonic 
Crustacea 
Unidentified 
Cowx, 1983; Giles, N.M. Street and R.M. 
Wright, 1990 
Detritus Detritus Detritus Cowx, 1983 
Zoobenthos Ephemeroptera Caenis sp. Cowx, 1983 
Zoobenthos Coleoptera Noterus sp. Cowx, 1983 
 
Spawning 
Bream are iteroparous species which reach maturity between their fourth and sixth years of 
life (Kennedy & Fitzmaurice, 1968), at a length of between 14 cm and 30 cm (Geyer, 1939).  
Spawning is synchronised and controlled by temperature (Gajdusek et al., 1987). Under 
optimum conditions spawning takes place once per year, over 2-3 days.  However, in sub-
optimum conditions the spawning period is protracted. Males undergo a physiological 
change shortly before the spawning period where they begin to grow spawning tubercles 
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(Figure 2.16). These tubercles roughen the skin in order to maintain close contact with the 
female to assist in egg fertilization (Khanna, 2004). 
Spawning usually takes place in May or June when water temperatures are between 12°C 
and 20°C (Herzig and Winkler, 1986; Poncin et al., 1996). The preferred habitat for 
spawning of common bream is shallow vegetated areas between 25 and 50 cm deep 
(Poncin et al. 1996), although they have also been observed spawning on gravel when 
habitat is not optimal (Holcik and Hruska, 1966). Mating is promiscuous as males outnumber 
females on the spawning grounds. Males occupy territorial areas of approximately 5 m2 and 
advances of males into the territories of others are rebuffed.  However, if a female enters the 
spawning grounds she is pursued by males (Poncin et al. 1996). 
 
 
Figure 2.16: Male bream during the spawning season displaying their spawning 
tubercles. 
 
The average fecundity of bream is approximately 225,000 eggs per female and, depending 
on size and age, within the range of 100,000 to 500,000 (Backiel and Zawisza, 1968; 
Lammens, 1982; Slooff and De Zwart, 1983). This is usually 150,000 to 300,000 eggs per kg 
of female body weight. Eggs are laid in high densities, up to 258 cm-2, on submerged 
vegetation (Kennedy & Fitzmaurice, 1968). Development to hatching takes between 3 and 
12 days, depending on temperature.  
As previously mentioned, recent studies into bream ecology have concentrated on the 
hybridisation between bream and roach (Slynko and Stolbunova, 2010; Slyn’ko and Slyn’ko, 
2012; Nzau Matondo et al., 2011, 2012; Kuparinen et al., 2014; Hayden et al., 2014). 
Though this hybridisation is not new, recent advances in genetics have allowed for a greater 
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understanding of this process. Hybridisation occurs due to bream and roach using the same 
spawning substrate during the same spawning window, and is common were these species 
co-exist (Nzau Matondo et al., 2012). Bream and roach hybrids are similar in appearance to 
bream and can be positively identified through meristic characteristics (Wheeler, 1969). 
(Table 2.6) 
Table 2.6: Meristic characteristics of bream and roach x bream hybrids (Wheeler, 1969; 
Cowx, 1983; Cowx and Harvey, 2004). 
Species 
Lateral 
line scale 
Dorsal to lateral 
line scale 
Anal fin to lateral 
line scale 
Anal fin 
rays 
Pharyngeal bone 
formation 
Bream 51-60 10-15 6-9 23-30 5:5 
Roach bream 
hybrid 
42-55 8-11 4-7 15-21 
5:5, 6:5 or 
6:5.1 
After spawning bream show low dispersal rates from their respective spawning tributaries 
(Říha et al., 2013) which is believed to be in response to the close proximity of feeding areas 
to the spawning grounds (Poddubnyi, 1976), although mobile sub groups may be present 
(Whelan, 1983). However, the reason for these divisions into sub-populations remains 
elusive.  
 Bream as environmental agents 
Impact on the environment  
In recent years, there have been numerous studies that have examined the effects of 
bioturbation caused by the resuspension of sediment in lentic ecosystems (most notably 
shallow lakes and ponds) by benthivorous fish, (Breukelaar et al., 1994; Newcombe and 
Jensen, 1996; Tatrai et al., 1997; Williams et al., 2002; Newcombe, 2003; Scheffer et al., 
2003; Persson and Svensson, 2006a; Søndergaard et al., 2008a; Volta et al., 2013; 
Chapman et al., 2014). Amongst these studies, two species of benthivorous cyprinids 
(bream and carp) have been shown to be the most prevalent in causing resuspension of 
sediment and turbidity. Research in this area has become increasingly important with a rise 
in the number of cyprinid introductions, primarily for sport but also as a food source, which 
have changed community dynamics (Volta et al. 2013).  
Bioturbation in this context, is caused by sediment resuspension due to the active feeding of 
bream (and other benthivorous fish) where – as discussed previously (section 2.2.2) – 
sediment is actively moved in order to gain access to the organisms that inhabit the 
substrate.  
 48 
While the negative effects of bream bioturbation in lakes is well studied, very little research 
has considered the effects of suspended sediment outside of water clarity within lakes and 
none with reference to riverine environments (Søndergaard et al., 2007; Jeppesen et al., 
2007). This is surprising given the acknowledgement that resuspension of sediment by fish 
can negatively affect both biogeochemical cycles (Breukelaar et al. 1994) and ecological 
processes (Volta et al. 2013). 
Although the literature might be sparse, there are studies which have looked at the 
relationship between bream and sediment. Breukelaar et al. (1994) used in-situ experimental 
enclosures within lakes to assess the effect that bream and carp have upon lake ecosystems 
and within this, they explicitly discuss the role that sediment played. Quantitatively, the 
experiments showed that bream caused an increase of 46 g sediment m-2 d-1 and a 
reduction of 0.38 m-1 in reciprocal Secchi disc depth. From these enclosures they were able 
to calculate that bream are able to process up to double their bodyweight in sediment per 
day and that between both bream and carp, up to 50% of turbidity within the whole lake was 
caused solely by fish resuspension of sediment. Not only does this show that the sediment 
processing power by bream is significant at both the individual and ecosystem scale, but it 
was also calculated that the quantity of sediment processed by bream was double that of 
carp, contradicting studies that have emphasised carp bioturbation (Havens, 1991; Carvalho 
and Moss, 1995; Jensen et al., 2017). Similar work by Tatrai et al. (1997) used bream, roach 
and carp in in-situ enclosures and found a significant positive proportional relationship 
between total biomass of fish and the amount of suspended sediment and sediment 
captured in traps. The amount of sediment caught in traps increased with water depth and 
sediment resuspension rates decreased with water depth. This is to be expected given a 
lack of feeding activity in deeper water which allows the sediment to settle out rather than be 
resuspended. Beyond these papers, the effect that bream have upon sediment transport is 
sometimes noted; for example, bream can uproot sub-merged macrophytes indirectly 
increasing turbidity levels (Winkel and Meulemans, 1984) and bream-induced resuspension 
can facilitate wave resuspension of the sediment by hindering sediment consolidation 
(Scheffer et al., 2003). 
Most literature concerned with bream and turbidity is focused on trophic cascades whereby 
bream cause bottom up and top down effects upon the ecosystem. Bottom up effects alter 
the food chain at the very base, causing trophic cascades to the top. This is caused primarily 
through the introduction of limiting nutrients to the system – such as phosphates that 
increase phytoplankton growth (Søndergaard et al., 2007).  
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Top down effects are caused by direct predation upon prey items altering food/prey 
availability at the top of the food chain causing cascades through the food web (Williams et 
al., 2002). Bream are able to cause top down effects through the direct predation upon 
benthic invertebrates (Søndergaard et al., 1990, 1997; Jeppesen et al., 1998; Williams et al., 
2002; Persson and Svensson, 2006b; Volta et al., 2013) and zooplankton (Tátrai et al., 
1990; Tatrai et al., 1997; Persson and Svensson, 2006a; Volta et al., 2013) with a notable 6-
fold increase in zooplankton biomass noted in one study (Søndergaardet al. 1990) by 
influencing their density and community composition. Although many studies have 
demonstrated that that the top down pressure is weak (Tatrai et al. 1990), other studies have 
noted a strong top-down control by bream (Jeppesen et al., 1998; Williams et al., 2002). 
Bottom up effects on the other hand are primarily driven by indirect factors as a result of 
sediment resuspension and have been shown to be the predominant driver in ecosystem 
state shifts by altering the biogeochemical cycles (Breukelaar et al., 1994; Søndergaard et 
al., 2007). Experiments using in-situ enclosures found that the activity of foraging and the 
excretion of waste products by bream significantly increased both phytoplankton species and 
biomass and caused increases in bacterial production to eutrophic levels (Tatrai et al. 1990). 
Similar work also noted that both bream resuspension of sediment and their excretion of 
nutrients were responsible for significant increases in total nitrogen and phosphorus 
concentration and decreases in ammonium concentration (Persson and Svensson, 2006). 
These effects upon the food chain have been shown to increase with bream biomass (Tatrai 
et al. 1997) and these effects are so significant that bream have been explicitly classed as 
ecosystem engineers (Persson and Svensson, 2006 & Volta et al. 2013). This was 
particularly noted after the invasion of bream in an Italian lake where within 20 years they 
became the most dominant species (Volta et al. 2013). Following their establishment, 
nutrients, phytoplankton biomass, cyanobacteria and turbidity all increased. Macrophyte 
coverage declined drastically and the fish community shifted towards zoobenthic species 
caused by a bream induced trophic cascade through bottom up mechanisms. Given that 
bream prefer meso-eutrophic shallow lakes (Lammens et al., 2004; Mehner et al., 2005; 
Kottelat and Freyhof, 2007) it is possible that they are ecosystem engineering their 
environment to suit them, as in some cases bream are shown to have a significant negative 
effect on the water quality in shallow lakes (Tátrai et al., 1990; Breukelaar et al., 1994; 
Vanni, 2002; Volta et al., 2013). 
Given the large ecosystem scale impact that bream can have once they establish, a 
common management tool is biomanipulation through the manual removal of bream (De 
Roos and Persson, 2002; de Roos et al., 2003; Persson et al., 2007; Søndergaard et al., 
2007). A meta-analysis found that in more than half of the bream biomanipulation projects 
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reported, Secchi depth increased and chlorophyll a decreased to less than 50% within the 
first few years (Søndergaardet al. 2007). For example, it was reported that 6524 kg and 2.5 
tons of roach and bream were removed from lakes (Riemann et al., 1990; Søndergaard et 
al., 1990). Both studies noted stark differences in water clarity with an increase in Secchi 
depth from 58 cm to 82 cm and from 60 cm to 130 cm respectively. The most significant 
effect seen by bream biomanipulation observed both suspended sediment and Secchi depth 
decreased between 50-70% after fish removal (Søndergaard et al., 2008a). Further to this, 
Søndergaardet al. (1990) noted that phosphorus levels significantly declined possibly due to 
the improved redox conditions in the sediment caused by reduced sediment resuspension. 
Fish removal is not a quick fix. The strongest effects of fish removal were obtained after 4–6 
years and in other cases, lakes returned to pre-restoration conditions after 10 years 
(Søndergaard et al., 2007). With extensive removal of plankti- and benthivorous fish, 
biomanipulation can be an efficient tool to create clear water; however, repeated fish 
removal is required to obtain long-term effects in the most nutrient rich lakes. 
These effects represent a change in ecosystem dynamics and a shift in community structure 
from a heterogeneous to a homogeneous environment. Consequently, the environment is 
being modified to suit the bream’s natural habitat, potentially through ecosystem 
engineering. It has been shown however, that these effects on the environment can be 
reverted as studies have indicated that the removal of these benthivorous fish regresses the 
water body [over time] to its original state (Søndergaard et al., 2007, 2008a). 
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2.4 Conclusion 
The zoogeomorphology literature review emphasised that cumulatively, animals, can play a 
significant role as geomorphic agents at all levels of the food chain, with clear effects on both 
sediment transport and ecosystem cycles. Animals are beginning to gain increased attention 
in research on sediment dynamics. Recent innovative management strategies take account 
of the roles that animals can play in fluvial geomorphology; for example, using beaver dams 
to restore incised stream ecosystems (Pollock et al., 2014). 
This review highlighted that there is a significant knowledge gap. Fine sediment is a key 
component which animals can influence with little energetic expenditure and, given the 
negative direct and indirect effects that fine sediment can cause it, is surprising that there is 
a deficiency of zoogeomorphic research within fine sediment dominated aquatic 
environments (i.e. lowland rivers or canals). Whether this is due to the difficulty in sampling 
in these environments or because those species such rivers are less desirable to study in 
comparison to say, salmon, is unclear. However, to develop our understanding, these 
environments need to be assessed and can contribute to the creation of more robust models 
for future river management and restoration.  
Within these fine sediment environments fish potentially present the greatest geomorphic 
potential given their large biomass and available biogenic energy. Research in this area is 
dominated by work on bioturbation within shallow lakes. Although there is this substantial 
body of information, most of the literature utilises the common carp as the main study 
species and is generally focused on best management practises i.e. stocking densities and 
biomanipulation. This is likely to be in response to the high sporting value placed upon this 
fish by anglers, their use in aquaculture and their invasive impacts. Given that the literature 
is chiefly based around lentic environments and the resulting ecosystem wide 
biogeochemical implications; key knowledge gaps centre on understanding the drivers of 
bioturbation, the physical modifications by fish at the water-sediment interface and how 
these play out in lotic environments. What literature there is discussing the role of physical 
modifications of sediment by fish have shown that although carp have the propensity to 
penetrate into the sediment bed further than any other benthic species (Suietov, 1939), 
bream can produce double the levels of suspended sediment when compared with carp and 
process up to double their own body weight in sediment per day (Breukelaar et al., 1994).  
This highlights that individually, bream could potentially be a more significant zoogeomorphic 
agent than carp. Further to this, with the aim to address the zoogeomorphic knowledge gap 
within riverine environments, bream are the most abundant benthic feeder found within 
lowland rivers, more so than carp, who’s numbers are very low as they lead solitary lifestyles 
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(Maitland and Campbell, 1992; Kottelat and Freyhof, 2007). This suggests that bream, when 
shoaled together for feeding, could have substantial geomorphic effects. Further, given that 
the deleterious effects the bream can have upon lake ecosystems it is important to study this 
potentially damaging effect within a riverine environment. 
There are other areas that have received little or no attention. One of which is that of pitting 
by bream which occurs when bream feed and how it leaves “dimples” in the bed surface. In 
flowing water, pitting may destabilise the bed to increase sediment transport and may also 
affect local hydraulics.  
In summary the literature has highlighted the following points: 
• Zoogeomorphic and ecosystem engineering research is deficient within fine sediment 
riverine environments; 
• fish can be significant geomorphic agents and ecosystem engineers in both lotic and 
lentic environments; 
• although the bioturbation literature is large for carp, the few studies investigating 
bream have shown them to be significant at causing ecosystem shifts within lentic 
environments; 
• bream can produce double the levels of suspended sediment when compared with 
carp and process up to double their own body weight in sediment per day; 
• bream represent the biggest biomass of benthic fish in lowland rivers so they may be 
collectively significant; 
• the drivers influencing rates of bioturbation are yet to be defined; 
• while they have been explicitly described as ecosystem engineers because of their 
impact on lake ecosystems, impacts on other fish species via bioturbation in 
unknown; 
• the pits that bream leave behind after feeding are yet to be studied and could prove 
to cause secondary transport within lotic systems. 
These points highlight several areas where additional research could be beneficial and led to 
the identification of the following research questions.  
2.5 Research questions 
Question 1 – How do bream entrain fine sediment in rivers? 
i. What bream behaviours cause bioturbation and what are the mechanisms involved? 
ii. How is bioturbation (as measured by turbidity) affected by natural biological variables 
(fish size, fish number and food availability)? 
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Question 2 – Does bioturbation by bream constitute a life strategy through ecosystem 
engineering? 
i. How does bioturbation by a congener species (roach) differ from that caused by 
bream? 
ii. In the presence of roach do bream increase the levels of suspended sediment? 
iii. In the presence of increased sediment, does the foraging success of roach 
decrease? 
 
Question 3 – Do bream feeding pits have a geomorphic impact in rivers? 
i. What are the individual pit characteristics found in lowland aquatic environments 
and do they differ from between environments? 
ii. How much sediment is displaced within areas of feeding pits and do they differ 
between environments? 
iii. Do feeding pits constitute changes to the hydraulic and turbulent parameters 
within rivers? 
 
These research questions are designed to provide a greater understanding of bream’s 
cumulative effect upon sediment dynamics and have a positive influence for future use in 
models and management strategies. 
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3 How do bream entrain fine sediment in rivers? 
3.1 Introduction 
It is increasingly clear that animals can play important roles in geomorphological systems, an 
aspect of biogeomorphology (Viles, 1988) that is referred to as zoogeomorphology (Butler, 
1995; Hall and Lamont, 2003; Butler and Sawyer, 2012). Sediment transport processes in 
rivers are affected by the behaviours of animals including insect larvae, crustaceans, fish 
and mammals that can either stabilise or destabilise bed materials, can alter bed topography 
and sediment accumulation rates and can promote direct sediment suspension via 
bioturbation (for reviews and conceptual frameworks see Statzner, 2012; Rice et al., 2012; 
Albertson et al., 2015).  
Amongst all organisms that may affect river geomorphology, our understanding of how fish 
affect geomorphological processes in rivers is extremely limited, restricted to work on a 
handful of species. Most is known about the impacts of fish on coarse bed materials, 
predominantly in gravel-bed channels. Several different behaviours drive these impacts, 
including redd building, nest building and foraging. For example, redd construction by 
salmonids (DeVries, 2012) is widely acknowledged to affect bed material size and sorting 
(Kondolf et al., 1993; Montgomery et al., 1996), bed particle stability (Gottesfeld et al., 2004; 
Buxton et al., 2015; Hassan et al., 2015), bed load flux (Hassan et al., 2008) and coarse-
grained bedform characteristics (Field-Dodgson, 1987; Gottesfeld et al., 2008). The impact 
of benthic foraging has also received some attention (Statzner, Sagnes, et al., 2003; 
Statzner and Sagnes, 2008; Fortino, 2006), with evidence in ex-situ experiments that 
foragers, including barbel and chub, destabilise water-worked structures during feeding, 
which increases gravel mobility and sediment flux under subsequent high flows (Pledger et 
al., 2014). Canal et al., (2015) have demonstrated that disturbance rates amongst additional 
species, including stone loach (Barbatula barbatula (L.)) and the South-west European nase 
(Parachondrostoma toxostoma (V.)) are partly controlled by temperature, while Pledger et 
al., (2016) showed that impact was dependent on biomass and species. 
In comparison with gravel-bedded channels, much less is known about the geomorphic 
impact of fish on fine sediment dynamics in rivers. One strand of predominantly ecological 
research has investigated how fish–sediment interactions affect benthic resource availability 
in streams and the implications for community structure and functioning (e.g. Power, 1990; 
Flecker, 1996; Pringle and Hamazaki, 1998; Gido and Matthews, 2001; Solomon et al., 
2004). While some relevant measurements have been made, understanding mineral 
sediment fluxes and the implications for fine sediment dynamics have been incidental and 
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without explicit research focus. More is known about foraging effects on fine sediment 
suspension in lakes and the impact of bioturbation on turbidity.  Common carp, bream and 
tench (Tinca tinca (L.)) have all been shown to be significant bioturbators during foraging 
activity (Breukelaar et al. 1994; Persson & Svensson, 2006; Pietsch & Hirsch, 2015). These 
cyprinids are highly adapted to feed in fine sediment environments and have specialised 
feeding mechanisms to assist with foraging. They have sub-inferior mouths and protrusible 
jaws allowing for efficient feeding into the river bed, a branchiostegal pumping system which 
allows the fish to create suction forces extruding prey items and sediment from the bed and 
a pharyngeal mill which sorts the prey items from the sediment and releases the sediment 
back into the water column (Winfield & Nelson, 1991). Consequently, whilst foraging, these 
fish can potentially process up to double their bodyweight in sediment per day (Breukelaar et 
al. 1994) and are responsible for up to 50% of turbidity in shallow lakes caused by fish 
resuspension (Meijer et al., 1990a). Experiments in lakes have demonstrated that such fish 
influence ecosystem dynamics through bottom up mechanisms caused by bioturbation 
(Volta et al. 2013) and can alter biogeochemical processes and food web dynamics 
(Breukelaar et al. 1994, Persson & Svensson, 2006). However, there is no equivalent work 
to assess either the ecological or geomorphological impact of foraging bioturbation on fine 
sediment dynamics in lowland rivers. Consequently, there is a large knowledge gap that 
needs to be addressed.   
 
Of the benthivorous fish that have been shown to cause significant levels of bioturbation in 
shallow lakes, in rivers bream are the only species that conforms to the zoogeomorphic ideal 
that individually animals are inconsequential as geomorphic agents but collectively they can 
be significant (Moore, 2006). This is because – unlike carp and tench – bream have a 
widespread distribution across European rivers (Kottelat & Freyhof, 2007) and can be found 
in high densities (Cowx, 2001). Furthermore, bream tend to shoal in large numbers and are 
nomadic by nature, covering up to 10 km per day (Lyons and Lucas, 2002). These large-
scale movements are normally associated with movements to and from feeding grounds 
(Lyons & Lucas, 2002). Given the amount of suspended sediment that is generated by 
bream in lakes, it is possible that when bream feed in shoals in lowland rivers, they could be 
responsible for an unaccounted zoogeomorphic effect facilitating fine sediment transport at 
large spatial and temporal scales. 
The specific aim of this Chapter is to investigate the specific drivers of bioturbation caused 
by bream foraging. This will be evaluated by exploring how bioturbation (as measured by 
turbidity) is affected by the size of fish, number of fish and feeding opportunities, in 
mesocosm experiments. 
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Research attempting to quantify levels of turbidity caused by fish bioturbation is limited. 
Much of the research relies upon using semi-quantitative and qualitative measurements of 
turbidity such as utilising the Secchi disc as a proxy for turbidity levels within lentic 
ecosystems (for example: (Meijer et al., 1990a; Michelsen et al., 1994; Nieoczym and 
Kloskowski, 2014) or simple qualitative estimates have also been used to assess levels of 
bioturbation within tidal mudflats (Billheimer and Coull, 1988). Studies where sediment is the 
key dependent variable within bioturbation are extremely sparse. In in-situ studies in rivers, 
bioturbation by animals has been measured but these quantitative estimates are subject to 
the inherent sources of error associated with fieldwork (Gottesfeld et al., 2008; Rice et al., 
2016). For example, biofilm growth or objects obscuring the turbidity sensor can provide 
false positives and changes in background turbidity levels not associated with the study 
species, such as changes in the hydrologic regime leading to increased turbidity values. 
Consequently, data is normally subjected to smoothing or statistical correction to ascertain 
the turbidity values created only by the study species (Gottesfeld et al., 2008; Rice et al., 
2016). Ex-situ experimentation yields alternative data because a level of control is possible. 
Ecotoxicology research has utilised micro/mesocosms to measure the level and effects of 
heavy metal contaminated sediments being suspended by fish bioturbation (ten Winkel E. H. 
and Davids C., 1985; Suchanek and Colin, 1986; Wall et al., 1996; Adámek and Maršálek, 
2013). For example, Wall et al. (1996) found that carp bioturbation within aquaria can cause 
cadmium bioaccumulation within the lower trophic levels in Daphnia magna. Although this 
study took measurements of turbidity (for example, an increase from baseline suspended 
solids concentration (SSC) values of 0.001 mg/L to 44.4 mg/L caused by fish bioturbation), 
bioaccumulation effects upon the food chain were the crucial element. There is still a lack in 
research which not only assesses turbidity as the key dependent variable but fundamentally 
understands the drivers behind bioturbation.  
To assess the questions and understand the drivers behind bioturbation, an ex-situ 
mesocosm experiment was undertaken to analyse the effect of three independent variables 
on bream bioturbation: i. fish number (1 – 3 fish); ii. food density (0, 50, 100 & 200% based 
upon natural macroinvertebrate densities); and iii. fish size (small and large bream). The 
expectation was that each driver would increase the rate of suspended sediment and thus 
turbidity during foraging. Three specific hypotheses were tested:  
1. Turbidity will increase as a function of increased fish abundance.    
2. Turbidity will increase in line with food density. 
3. Larger sized bream will create more turbidity than smaller bream. 
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3.2 Method 
 
A set of three treatments (fish size, food density and number of fish) utilised a factorial 
design whereby independent experiments were conducted and replicated three times at 
each treatment level (two fish sizes, four feed densities and three fish numbers), which 
yielded a total set of 72 experiments. In one experiment (two small bream at 100% food 
density) no foraging behaviour was observed. This was due to a dominant bream chasing a 
submissive bream away from the feeding area for the duration of the experiment and as 
such, the bioturbation levels that were recorded (although low) reflected that of swimming 
induced bioturbation rather than foraging induced bioturbation and results from the 
experiment were not considered further. Four replications were subsequently carried out (for 
the 100% density experiments) to limit the impact of a repetition of interactions like this. 
Unfortunately, the 200% food density matrix amongst the small bream had to be omitted 
from analysis as no feeding events occurred. This was because the fish attempted to spawn 
in the holding tanks after a power failure increased the holding tank temperature. 
Consequently, all fish were returned to their native river on welfare grounds. Subsequently, 
the total number of individual experiments was 66. 
 Fish husbandry 
The bream used in these experiments belonged to two size classes (Table 3.1). They were 
collected by seine netting from both the West fen (NGR: TF3157050691) and Sibsey Trader 
drains (NGR: TF3427354258) that feed into the River Witham, north of Boston, Lincolnshire 
in eastern England. As the diet of bream has been shown to change with ontogeny (Winfield, 
& Townsend, 1988), bream were chosen based on fork length size groupings rather than 
age to ensure that benthic feeding would occur. The minimum acceptable size for bream 
collected for the experiments was 21 cm because the diet of bream has been shown to shift 
to benthic feeding once bream are larger than 20 cm (Lammens et al., 1987; 
Hoogenboezem et al., 1992; Michelsen et al., 1994). Consequently, five large (mean weight 
1.66 kg ± 0.13 & mean length 45.1 cm ± 0.33) and seven small bream (mean weight 1.13 kg 
± 0.03 & mean length 29.33 cm ± 0.59) were taken for experimentation as they were 
deemed to be within both the same age and size class as each other (Table 3.1). 
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Table 3.1 Individual bream weight and length used during the experiments. 
Size category Fish weight (kg) Fork length (cm) 
Large 1.58 45.5 
Large 1.86 44.8 
Large 1.7 45.4 
Large 1.54 45 
Large 1.62 44.8 
Small 1.15 29.7 
Small 1.09 28.4 
Small 1.12 29.3 
Small 1.13 29.6 
Small 1.14 29.5 
Small 1.1 28.7 
Small 1.19 30.1 
 
The fish were housed separately in two identical 1000 litre holding tanks containing a 
Blagdon pond filter and pump, Aqua Medic Titan 1500 water chiller and two Blagdon pond 
air 2 pump systems. This arrangement allowed for the water to be continuously filtered, 
oxygenated and temperature controlled at 12oC.  
This temperature was selected based upon the 18 year average temperatures from four 
locations across two rivers of interest to the project (Figure 3.1 and Table 3.2) and was 
calculated at 11.9oC (± 0.2). Further to this, 12oC represents a threshold where it was warm 
enough to increase the breams metabolism to increase their energy demand and thus rate of 
foraging, but it was also cool enough to support the welfare of the fish by reducing the risk of 
any potential diseases and/or infections (Welby pers comms.). 
Water chemistry was monitored on a bi-daily basis for ammonium (and its derivatives nitrate 
and nitrite), pH and dissolved oxygen (DO%). An approach of partial water changes and the 
addition of pond treatment chemicals (when needed) was employed to maintain the 
appropriate water chemistry balance between both holding tanks and experimental tank. Not 
only did this keep the bream in a healthy condition but also ensured that the environmental 
conditions were consistent between all tanks so that stress associated with water quality 
changes would not arise in the bream when moved between tanks. 
Whilst in captivity, the bream were fed on a mixed diet of live bloodworm (Chironomidae sp.) 
and Coppens cyprinid pellet feed. They were left for at least one month before experiments 
began to allow for a sufficient acclimatisation period. Before each experiment, visual 
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inspections of the fish were carried out to assess their general health and experiments only 
commenced once their welfare was confirmed. 
After the experiments had been completed, the bream were transported back to their 
respective rivers and released at the same spot at which they were caught.  
Table 3.2: 18-year average river temperature from two locations in the lower River 
Welland and River Witham. Source: Environment Agency, 2018. 
 River Welland - 
Crowland 
River Welland - 
Coronation channel 
River Witham - 
Tattershall 
River Witham - 
Bardney 
Grid Reference TF2294810651 TF2456721720 TF1963256312 TF1118569147 
Average Temp 
(°C) 12.1 12.0 11.9 11.8 
 
 
Figure 3.1: Daily average river temperature data from two locations in the lower River 
Welland and River Witham for the past 18 years. The dashed black line represents the 
combined mean temperature from all rivers. Source: Environment Agency, 2018. 
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 Macroinvertebrates 
To establish a natural reference benthic macroinvertebrate density to use as a baseline feed 
density within experiments, macroinvertebrates were collected, speciated and their density 
was calculated. Nine individual samples were taken from three different locations on the 
River Witham to capture spatial variability. Samples were collected at sites near to where the 
bream were captured using a 3.5 L Ekman grab and were preserved in industrial methylated 
spirit (IMS) for identification and analysis in a laboratory. The use of an Ekman grab was an 
appropriate method given the depth of the river and the clay/silt substrate bed (Lewis et al. 
1982). All macroinvertebrates were identified in the laboratory to species level where 
condition allowed and were confirmed by another analyst. However, due to the difficulty in 
the speciation of both oligochaete and chironomidae, these were identified to subclass and 
tribe level respectively (Table 3.3). 
The macroinvertebrates were placed into a drying rack for 24-hours and weights were taken 
using an analytical balance before and after this process to ascertain both wet and dry 
weights. Due to low specimen values amongst certain species, the macroinvertebrates were 
combined and weighed at order level to reduce the level of error associated with measuring 
small masses. Snail species were omitted from weight calculations entirely due the potential 
over inflation of weights from their external shells. 
Given both the potential error in counting large numbers of prey items and the use of live 
food in the experiments, wet weight was used when calculating the macroinvertebrate 
densities to be used in the treatments. The natural macroinvertebrate densities were 
calculated to be an average of 1849 individuals per m2 or 319 g per m2 wet weight mass. 
Therefore, within the context of the experimental feeding tray which had an area of 0.12 m2, 
the experimental densities were calculated as 19.14 g, 38.28 g and 76.56 g for 50%, 100% 
and 200% densities respectively. 
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Table 3.3: Record of the macroinvertebrates collected from the River Witham. * denoted 
that these snail species were omitted from weight rankings due to their external shells. 
Macroinvertebrate species Order Number 
Percentage 
composition (%) 
Wet 
Weight (g) 
Dry 
Weight (g) 
Crangonyx pseudogracilis Amphipoda 191 7.63 0.4 0.08 
Gammarus pulex Amphipoda 20 0.80 - - 
Erpobdella octoculata Arhynchobdellida 58 2.32 0.81 0.15 
Nebrioporus elegans Coleoptera 2 0.08 0.12 0.05 
Haliplus immaculatus Coleoptera 1 0.04 - - 
Chironomini Diptera 39 1.56 0.34 0.05 
Orthocladiinae Diptera 4 0.16 - - 
Tanypodinae Diptera 2 0.08 - - 
Cloeon dipterum Ephemeroptera 1 0.04 <0.01 <0.01 
Physa fontinalis* Hygrophila 6 0.24 n/a n/a 
Anisus vortex* Hygrophila 6 0.24 n/a n/a 
Planorbis planorbis* Hygrophila 3 0.12 n/a n/a 
Gyraulus albus* Hygrophila 1 0.04 n/a n/a 
Radix balthica* Hygrophila 1 0.04 n/a n/a 
Lymnaea stagnalis* Hygrophila 1 0.04 n/a n/a 
Valvata cristata* Hygrophila 1 0.04 n/a n/a 
Asellus aquaticus Isopoda 1663 66.41 16.5 2.82 
Bithynia tentaculata* Littorinimorpha 7 0.28 n/a n/a 
Bithynia leachii* Littorinimorpha 1 0.04 n/a n/a 
Erythromma najas Odonata 15 0.60 0.42 0.08 
Ischnura elegans Odonata 10 0.40 - - 
Enallagma cyathigerum Odonata 6 0.24 - - 
Coenagrion puella Odonata 5 0.20 - - 
Oligochaeta Oligochaeta 382 15.26 1.28 0.21 
Theromyzon tessulatum Rhynchobdellida 26 1.04 - - 
Glossiphonia complanata Rhynchobdellida 24 0.96 - - 
Athripsodes aterrimus Trichoptera 5 0.20 0.07 0.01 
Limnephilus sp. Trichoptera 2 0.08 - - 
Hydrachnidia Trombidiformes 1 0.04 <0.01 <0.01 
Sphaerium corneum* Veneroida 13 0.52 n/a n/a 
Pisidium casertanum* Veneroida 7 0.28 n/a n/a 
Total - 2504 100 19.94 3.45 
Average # per sample - 278    
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 Experimental setup  
An experimental tank used in the experiments was identical to the 1000 litre holding tanks 
and was subject to the same water quality management. The tank was split into two 
sections, a holding area and an experimental area which were divided by a wooden frame 
with a removable Perspex screen (Figure 3.2). The experimental area contained a sediment 
tray (60 x 20 x 8 cm), a SeaViewer 950 Sea-Drop 42 LED 830nm infrared camera and an 
INW Smart Sensor Turbo turbidity sonde. The sediment used in the experiment was 
gathered from the bed of the River Witham and was disinfected using Virkon aquatic 
disinfectant and then baked in sediment ovens at 120oC for 12 hours to produce inert fine 
sediment removing all organic matter and potential biosecurity risks.  
 
 
Figure 3.2: Experimental setup. Top view of the empty 1000 litre experimental tank, with 
the sediment tray, infrared camera, and turbidity probe in the experiment half of the tank 
closest to the camera and fish husbandry equipment in the furthest section. 
 
 Experimental procedure 
Live chironomidae larvae were weighed using an analytical balance to the required density 
for the experiment and then evenly distributed onto the sediment tray using a water filled 
petri dish. Other methods of applying the chironomidae larvae were either too time 
consuming (individual insertion using tweezers) or caused the fine sediment to mobilise into 
the water column (syringe). Once the chironomidae larvae were distributed, light levels were 
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decreased and maintained at 2 lux to simulate conditions found within a lowland river. These 
were measured using a lux light meter. The chironomidae larvae were left in these 
conditions for 30 minutes to establish themselves into the sediment before fish were added.  
The required number of fish (1, 2 or 3 fish) and fish size (small and large) were taken at 
random from the holding tank and then added to the acclimatisation area with the Perspex 
screen down to prevent premature access to the sediment tray (Figure 3.3). The fish were 
left to acclimatise for 30 minutes, after which the Perspex divide was raised to allow the fish 
to swim into the experimental zone. The divide was then closed to begin the experiment. 
Each experiment lasted 60 minutes during which time turbidity was measured and logged at 
a 1 second resolution and a video recording were made using the infrared camera. Between 
experiments, chironomidae larvae density was checked by taking three sub samples from 
the sediment tray using a 100 ml syringe. The density of the chironomidae larvae were then 
altered accordingly to meet the next experimental parameters. Experiments where repeated 
only when the average turbidity level reached < 5 Nephelometric Turbidity Units (NTU) which 
was deemed to be clear water.  
 
Figure 3.3: Example of a large bream in the acclimatisation area before a “1 large fish at 
100% density” experiment. 
 
For the purpose of these experiments, a critical turbidity threshold of 10 NTU will be used to 
indicate when any potential environmental damage could ensue. This is because turbidity 
values between 5 - 12 NTU have been shown to have negative effects upon fish through 
reducing prey capture rates (De Robertis et al., 2004), habitat (Reed et al., 1983) and overall 
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prey biomass at lower trophic levels (Kemp et al., 2011). Additionally, 10 NTU also 
represents the point at which a visual decrease in water clarity can be seen. 
 Data analysis 
The raw NTU data gained from the turbidity sensor were examined to assess the 
homogeneity of variances with in the dataset. The data was tested for normality using 
Quantile-Quantile (QQ) plots and the results were quantitatively confirmed using a “Shapiro–
Wilk” test. The data was not normally distributed and consequently, the data was 
logarithmically transformed to gain a normal distribution. 
To account for the dispersion of turbidity data, all values that were more than two standard 
deviations from the mean were removed from the dataset. Inspection of the raw data 
confirmed that this filtering method removed values that were isolated peaks and did not 
represent an accurate reflection of surrounding turbidity values. A total of 438 data points 
where removed from a total dataset comprising 408000 points (< 0.1% of the dataset). 
These values are believed to have been caused by either instrument error associated with 
working at a 1 second resolution or by recording a fish swimming close to the sensor. 
Given that the dataset contains multiple categorical independent variables, a general linear 
model (GLM) was chosen to test if the changes in the dependant variable (mean turbidity) 
could be explained by the independent variables (fish size, fish number and food density). 
This highly robust and flexible method allows relationships to be modelled not only between 
the dependent variable and each of the independent variables, but also the interactions 
effects between the independent variables and the dependent variable. Models were 
produced for each size class to build understanding rather than for both size classes 
combined. 
The models were validated by altering the model structures (error family & link functions) to 
find the lowest residual deviance and lowest “Akaike Information Criterion” (AIC) value. This 
approach ensured an approximate normal distribution and homogeneity of residuals which 
would fit the parametric assumption that the treatment groups stochastically dominates 
another treatment group. Significance of relationships were assessed using Tukey's honestly 
significant difference (HSD) post-hoc t-tests and associated P values. All visualisations and 
statistical analyses were undertaken in R 3.3.2 using RStudio Version 1.0.136 (RStudio, 
2016), and relationships were considered significant at P values < 0.05.  
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3.3 Results 
Successful foraging was observed in every experiment as confirmed from the infrared 
camera footage (Figure 3.4). Notable shifts in turbidity from clear water states to turbid 
states were observed in many of the experiments highlighting the potential significance of 
bream bioturbation (Figure 3.5). 
 
Figure 3.4: Example of bream bioturbation taken from the infrared camera from one of 
the small bream - 2-fish and 100% food density experiments. These stills are numbered in 
chronological order. Note the visible change in turbidity after successful foraging. 
 
 
Figure 3.5: Before (left) and after (right) a large bream 3-fish experiment at 100% food 
density. Note the substantial change in turbidity after one hour. 
  
1. 2.
3. 4.
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 Small bream 
Both mean and the 95th percentile values for turbidity were calculated and plotted to provide 
a qualitative overview into the drivers of bioturbation.  
Amongst the small bream, at 0% food density there is a small stepwise increase in turbidity 
(NTU) with each increment of fish number (Figure 3.6). The highest mean turbidity value 
amongst these experiments was 2.51 NTU and the highest 95th percentile recorded was 
3.12 NTU, both during the 3-fish experiment. During the 50% food density experiments, this 
stepwise increase was not present, with the 2-fish runs yielding a 6, and 3-fold increase in 
mean turbidity over the 1-fish 3-fish experiments respectively (Figure 3.6). The highest mean 
value recorded amongst the 50% food density experiments was 6.47 and 95th percentile 
value was 15.08, both during the 2-fish run (Figure 3.7). Although the 95th percentile for 2-
fish was above 10 NTU, mean turbidity was insufficient to alter water clarity for long periods 
of time.  
 
Figure 3.6: Mean turbidity values from each fish number and food density for the small 
bream (FL 28.7 - 29.8 cm). Error bars represent the standard error of the mean for each 
experimental design and the dashed line represents the threshold that turbidity can 
begin 
 
Overall, turbidity levels substantially increased once the natural food densities (100%) were 
used. At 100% food densities, mean turbidity increased in a stepwise manner with fish 
number (1-3) from 5.22, 14.04 and 29.38 NTU (Figure 3.6). 95th percentile turbidity values 
followed the same incremental increase between the 1-3 fish experiments with 11.02, 42.07 
and 53.20 NTU respectively (Figure 3.7). Although the mean turbidity value for the 1-fish 
experiment is not deemed significant enough to have an influence on water clarity, in both 
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the 2-fish and 3-fish runs, water clarity was affected as they exceed the 10 NTU threshold. 
This suggests that bream can affect the turbidity and potentially the surrounding ecology with 
as few as two fish, feeding at natural levels of food density.  
 
Figure 3.7: 95th percentile turbidity values from each fish number and food density for the 
small bream (FL 28.7 - 29.8 cm). Error bars represent the standard error of the mean for 
each experimental design and the dashed line represents the threshold that turbidity can 
begin to cause detrimental ecological effects. 
 
Figure 3.8 summarises the impact of fish number and food density on mean turbidity. There 
is no discernible difference for the 0 - 50% food densities at all fish numbers. However, 
Figure 3.8 suggests that significant levels of bioturbation are created that exceed the 
turbidity threshold (< 10 NTU). The interpolation suggest that this level of turbidity was 
exceeded once food densities reached 75%, at which point any number of fish impact 
turbidity with significantly more bioturbation with 3-fish at 100% density than any other run.  
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Figure 3.8: Contour plot of mean NTU for the small bream dataset where the level of 
significance (10 NTU) has been highlighted. Kriging was used to interpolate between 
measured values. 
 
A GLM was constructed using the mean turbidity from each experiment and the results 
indicate that amongst the small bream both food density and fish number were highly 
significant in influencing the level of turbidity (p = < 0.001) (Table 3.4). Further to this, the 
interaction between the food density and fish number is significant (p = < 0.001) indicating 
that the impact of food density is dependent on fish number and vice versa. 
Table 3.4: GLM statistical test results for the small bream experiment. 
 Df Sum Sq Mean Sq F value Pr(>F) p value 
Food Density 2 5.11 2.55 88.89 1.12E-10 < 0.001 
Fish Number 2 3.79 1.90 66.02 1.55E-09 < 0.001 
Food Density & Fish Number 4 1.21 0.30 10.55 9.21E-05 < 0.001 
Residuals 20 0.57 0.03    
 
The Tukey's HSD post-hoc t-test results for food density (Table 3.5) indicated only significant 
differences between 100% food density and all other food density treatments (p = < 0.001). 
The other two food density groups were found to not statistically differ from each other (p = < 
1). These statistical relationships are supported in the corresponding box plot (Figure 3.9) 
and display that turbidity was only significant once food densities reached 100%. 
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Table 3.5: Tukey's HSD post-hoc t-test results with 95% family-wise confidence levels for 
the small bream experiments. 
Food density (%) diff lwr upr p adj p value 
50-0 0.18 -0.03 0.39 0.10 < 1 
100-0 0.93 0.74 1.13 0.00 < 0.001 
100-50 0.76 0.57 0.95 0.00 < 0.001 
 
Figure 3.9: Box plot displaying the differences between the logarithmically transformed 
small bream turbidity data against each experimental food density. The box plot shows 
median values (solid horizontal line), 50th percentile values (box outline), and 90th 
percentile values (whiskers). 
 
The results from the Tukey's HSD post-hoc test comparing the effects of different fish 
numbers on turbidity suggest that with 1-fish, turbidity was lower than with 2 or 3-fish (p = < 
0.001) (Table 3.6 and Figure 3.10). However, and somewhat surprisingly, the difference 
between 2 and 3-fish experiments was not significant (p = 0.91). Although turbidity in the 3-
fish experiments were more variable (Figure 3.10). 
 
Table 3.6: Tukey's HSD post-hoc t-test with 95% family-wise confidence level results of 
the small bream fish number experiments. 
Fish number diff lwr upr p adj p value 
2 - 1 0.76 0.57 0.96 0.00 < 0.001 
3 - 1 0.79 0.60 0.99 0.00 < 0.001 
3 - 2 0.03 -0.16 0.22 0.91 < 1 
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Figure 3.10: Box plot displaying the differences between the logarithmically transformed 
small bream turbidity data against the number of fish used in the experiments. The box 
plot shows median values (solid horizontal line), 50th percentile values (box outline), and 
90th percentile values (whiskers). 
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 Large bream 
At 0% food density, substantially more turbidity was created when 2-fish were present with 
an average of 19.14 NTU in comparison to 1 and 3-fish with 6.18 and 11.17 NTU 
respectively (Figure 3.11). Surprisingly the 50% food density experiments produced the 
lowest overall mean turbidity without a discernible change between 1 and 2-fish and a slight 
increase in turbidity with 3-fish (Figure 3.11). These results do not support the hypothesis 
that more food availability will increase turbidity, with all mean turbidity values being < 8 NTU 
(Figure 3.11). This was also true for the 95th percentiles (Figure 3.12), where turbidity values 
of each experiment where substantially lower than that of 0% food density. The relatively 
small 95th percentile values demonstrate that during these experiments’ turbidity remained 
relatively stable with no discernible peaks and this may indicate that there were no feeding 
events occurred after the initial feeding phase.  
 
Figure 3.11: Mean turbidity values from each fish number and food density for the large 
bream (FL 44.8 - 45.5 cm). Error bars represent the standard error of the mean for each 
experimental design and the dashed line represents the threshold that turbidity can 
begin to cause detrimental ecological effects. 
 
For natural food densities (100%) turbidity only increased once there was more than one fish 
(Figure 3.11). The highest mean and 95th percentile turbidity values were recorded during 
the two fish experiments and not the experiments using three fish. 
During the 200% food density experiments, the highest mean values of turbidity were 
recorded with 21.11, 21.27 & 26.71 NTU respectively (Figure 3.11). This trend is also 
partially evident for the 95th percentile values (Figure 3.12). 
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Figure 3.12: 95th percentile turbidity values from each fish number and food density for 
the large bream (FL 44.8 - 45.5 cm). Error bars represent the standard error of the mean 
for each experimental design and the dashed line represents the threshold that turbidity 
can begin to cause detrimental ecological effects. 
 
Figure 3.13 shows that large bream have the ability to produce significant bioturbation (> 10 
NTU) at all fish numbers and food densities. High levels of turbidity were created once 2-fish 
were present at 100% food density. The threshold where turbidity becomes substantial (< 10 
NTU) falls between 2-fish at 100% food density and 1-fish between 120 – 135% food 
density. 
 
Figure 3.13 Contour plot of mean NTU for the large bream dataset where the level of 
significance (10 NTU) has been highlighted. Kriging was used to interpolate between 
measured values. 
 
The GLM for large bream reveals both food density and fish number were highly significant 
in influencing turbidity (p = < 0.001) (Table 3.7). Further to this, there is an interaction effect 
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between the both food density and fish number whereby both are shown to be significant in 
driving turbidity values (p = < 0.001). 
Table 3.7: GLM statistical test results for the large bream experiment matrix. 
 Df Sum Sq Mean Sq F value Pr(>F) p value 
Food Density 3 1.47 0.49 51 1.46E-10 < 0.001 
Fish Number 2 0.68 0.34 35.5 6.76E-08 < 0.001 
Food Density & Fish Number 6 0.70 0.12 12.02 3.16E-06 < 0.001 
Residuals 24 0.23 0.01    
 
Tukey's HSD post-hoc t-test results on food density (Table 3.8) show that each food density 
treatment is statistically significant from each other in producing turbidity (p = < 0.001) apart 
from between the 0% and 100% food density experiments (p = 0.95). The 50% runs 
produced significantly less turbidity than the other groups tested (p = < 0.001) and 200% 
produced significantly more (p = < 0.001). The 200% runs display little variance in contrast to 
100% food density dataset (Figure 3.14). 
 
Table 3.8: Tukey's HSD post-hoc t-test with 95% family-wise confidence level results of 
the large bream food density experiments.  
diff lwr upr p adj p value 
50-0 -0.25 -0.37 -0.12 1.04E-04 < 0.001 
100-0 -0.02 -0.15 0.10 0.95 < 1 
200-0 0.32 0.19 0.45 2.00E-06 < 0.001 
100-50 0.22 0.09 0.35 3.89E-04 < 0.001 
200-50 0.57 0.44 0.70 0.00 < 0.001 
200-100 0.35 0.22 0.47 6.00E-07 < 0.001 
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Figure 3.14: Box plot displaying the differences between the logarithmically transformed 
large bream turbidity data against each experimental food density. The box plot shows 
median values (solid horizontal line), 50th percentile values (box outline), and 90th 
percentile values (whiskers). 
 
The number of fish was also shown to be significant in producing turbidity amongst the larger 
bream. Results of the Tukey's HSD post-hoc test suggest that there are differences between 
the 1 and 2-fish treatments (p = < 0.001) (Table 3.9) whereby 2-fish created significantly 
more turbidity than 1-fish (Figure 3.15). Equally, this difference was seen between the 1 and 
3-fish treatments whereby 3-fish created significantly more turbidity than 1-fish (p = < 0.001). 
However, there was no significant difference between 2 and 3-fish treatments (p = 0.64).  
 
Table 3.9: Tukey's HSD post-hoc t-test with 95% family-wise confidence level results of 
the large bream fish number experiments. 
 diff lwr upr p adj p value 
2 - 1 0.31 0.21 0.41 2.00E-07 < 0.001 
3 - 1 0.27 0.17 0.37 1.40E-06 < 0.001 
3 - 2 -0.04 -0.14 0.06 0.64 < 1 
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Figure 3.15: Box plot displaying the differences between the logarithmically transformed 
large bream turbidity data against each fish number used in the experiments. The box 
plot shows median values (solid horizontal line), 50th percentile values (box outline), and 
90th percentile values (whiskers). 
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 Combined results 
To assess the effect of both small and large bream, both datasets from the previous sections 
were combined to gain a better understanding of how the two size classes interact. The 
combined dataset, comprising of mean turbidity values from each experimental run, was 
analysed in a GLM where the combined effects of fish size, fish number and food density 
were assessed.  
Table 3.10: GLM outputs of the combined dataset modelling the relationships between 
the independent variables 
 
Df Sum Sq Mean Sq F value Pr (>F) Adjusted P Value 
Fish size 1 4.90 4.90 267.82 < 2e-16 < 0.001 
Food density 3 4.41 1.47 80.30 < 2e-16 < 0.001 
Fish number 2 3.44 1.72 93.92 < 2e-16 < 0.001 
Fish size & food density 2 2.35 1.17 64.10 9.20E-14 < 0.001 
Fish size & fish number 2 0.86 0.43 23.43 1.18E-07 < 0.001 
Food density & fish number 6 0.73 0.12 6.69 4.45E-05 < 0.001 
Fish size, food density & fish number 4 1.17 0.29 16.01 3.67E-08 < 0.001 
Residuals 44 0.81 0.02 
   
 
The combined results from the GLM suggest that each independent variable was highly 
significant in producing turbidity (p = < 0.001) (Table 3.10). Further, the interaction effects 
between each independent variable was shown to be significant (p = < 0.001). This shows 
that no matter what the independent variable, bream can create significant levels of 
bioturbation. Further, although the bioturbation is shown to have intergroup interactions, it 
also reveals that turbidity can still be driven by any of the individual variables tested 
irrespective of these interactions. 
Fish size 
The data has shown that mean turbidity values recorded during the large bream experiments 
were higher than those seen in the experiments using smaller bream (Figure 3.16) apart 
from in three experiments (50% food density with 2-fish and 100% food density with 1 and 3-
fish) (Figure 3.6 & Figure 3.11). However, overall, large bream created higher levels of 
turbidity than their smaller counter parts at each of the fish number experiments (Figure 
3.17) and turbidity varied less in the larger bream experiments, so their impact is more 
consistent than small bream. 
A students t-test on fish size confirms the difference in turbidity between the small and large 
bream (p = < 0.001; Figure 3.16). Interestingly, the data for small bream is more spread with 
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two outliers identified. These outliers are both from the 1-fish experiment with 0% food 
density which are expected to yield the smallest NTU values. 
Table 3.11: Students t-test with 95% family-wise confidence level results of the combined 
small and large bream examining their bioturbation effects caused by fish size. 
 diff lwr upr p adj p value 
Small & large bream -0.55 -0.62 -0.48 0.00 < 0.001 
 
 
Figure 3.16 Box plot displaying the differences in the logarithmically transformed 
turbidity created during the small and large bream experiments. The box plot shows 
median values (solid horizontal line), 50th percentile values (box outline), and 90th 
percentile values (whiskers). 
 
These results show that when all fish size data are compared (irrespective of food density 
and fish number) the size effect remains clear (Figure 3.16). The significant result for the two 
interactions (with fish number and food density from the GLM (Table 3.10)) indicate that the 
nature of the effect of size on turbidity varies with each of fish number and food density. 
 
Fish number 
The results from the GLM (Table 3.10) indicate that fish number (irrespective of density and 
size) is important for determining turbidity (p = < 0.001).  
The interaction effects are also shown to be significant (p = < 0.001), so this suggests the 
nature of the effect of fish number changes with both fish size and food density. 
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Although fish number is significant in driving overall turbidity (Table 3.10), results from the 
Tukey's HSD post-hoc test indicate the significance is only found between 1 – 2 and 1 - 3 
fish treatments (p = < 0.001) (Table 3.12).  
Table 3.12: Tukey's HSD post-hoc t-test with 95% family-wise confidence level results of 
the combined small and large bream examining their bioturbation effects caused by fish 
number experiments. 
 diff lwr upr p adj p value 
2 - 1 0.49 0.39 0.59 0.00 < 0.001 
3 - 1 0.49 0.39 0.59 0.00 < 0.001 
3 - 2 -0.01 -0.10 0.09 0.99 < 1 
 
Interestingly there is no significant difference between 2 – 3 fish treatments (p = < 0.99) 
(Table 3.12; Figure 3.17). This suggests that only two bream are required to create 
significant levels of bioturbation as turbidity. 
 
Figure 3.17: Comparative box plot between different bream fish number within the same 
fish number experimental parameters. Box plot shows median values (solid horizontal 
line), 50th percentile values (box outline) and 90th percentile values (whiskers). 
 
Food density 
The results from the GLM (Table 3.10) indicate that food density (irrespective of fish number 
and fish size) is important for determining turbidity (p = < 0.001). Further, the interaction 
effects are also shown to be significant (p = < 0.001), suggesting that the nature of the effect 
of food density can change with alterations in both fish size and food density. 
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Post-hoc analysis (Table 3.13) has shown that the recorded turbidity levels between 0 – 50% 
and 100 – 200% did not significantly differ from each other (p = 0.74 and 0.85 respectively). 
Whereas, significant differences were seen amongst the remaining food density treatments 
(p = < 0.001).  
Table 3.13: Tukey's HSD post-hoc t-test with 95% family-wise confidence level results of 
the combined small and large bream examining their bioturbation effects caused by food 
density experiments. 
 diff lwr upr p adj p value 
50-0 -0.05 -0.17 0.08 0.74 < 1 
100-0 0.48 0.36 0.60 0.00 < 0.001 
200-0 0.52 0.37 0.67 0.00 < 0.001 
100-50 0.53 0.41 0.64 0.00 < 0.001 
200-50 0.57 0.42 0.72 0.00 < 0.001 
200-100 0.04 -0.10 0.19 0.85 < 1 
 
Figure 3.18 shows that these significant differences were caused by substantially more 
turbidity being created in the 100 and 200% treatments compared to the 0 and 50% groups. 
Surprisingly, turbidity values did not differ between 100 – 200% food density treatments (p = 
0.85). This shows that although both treatments produced high levels of turbidity (Figure 
3.18), it only takes natural food densities for bream to affect turbidity. 
 
 
Figure 3.18: Box plot displaying the combined logarithmically transformed mean turbidity 
created at each food density variable. The box plot shows median values (solid 
horizontal line), 50th percentile values (box outline), and 90th percentile values 
(whiskers). 
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3.4 Discussion 
Moore, (2006) has suggested that success as an ecosystem engineer (and by extension a 
zoogeomorphic agent) is a function of behaviour, size, and population density. The 
experiments here have examined the effect of fish size (size), fish number (population 
density) and food density on bioturbation of bream. 
The results from this study provide strong evidence that bream have potential to create high 
levels of turbidity through bioturbation. Further, these experiments have shown that there are 
multiple biotic factors driving the rate of bioturbation. Video review of the experiments 
confirmed that turbidity was caused by the foraging of bream in all but one experiment, 
where a dominant chased a submissive bream around the enclosure for the entirety of the 
allocated experimental time and hydraulic turbulence created during the vigorous chase 
increased turbidity. Figure 3.6 and Figure 3.11 show that turbidity levels remained at 
background conditions < 10 NTU when food density was 0% irrespective of fish number. If 
turbidity was created by another factor other than foraging, such as, fish 
swimming/movements, it would be reasonable to expect an increase in turbidity with fish 
number during the 0% feed experiments, which was not the case.  
 Fish size 
Fish size was shown to be significant in the production of turbidity whereby the larger sized 
bream were responsible for inducing higher levels of turbidity over their smaller counter 
parts. Smaller bream displayed a greater range of turbidity values whereas the spread of 
data amongst the large bream was notably less. This is to be expected given that the larger 
bream can exert greater energy onto the sediment bed during foraging. Further it has been 
noted that large bream forage more than smaller bream even across an empty substrate 
(Hoogenboezem et al., 1990). 
These results contrast those of Breukelaar et al. (1994) who found no relationship between 
the size of bream and the amount of resuspension within experimental enclosures. This may 
reflect a temporal difference between the two experiments, with Breukelaar et al. (1994) 
examining turbidity over six months in comparison to one hour in these experiments. This 
temporal difference has been noted by Werner and Anholt, (1993) who found that carp (a 
benthivorous species of the same taxonomic family as bream – cyprinidae) even at low 
densities and size, can have equally detrimental effects upon turbidity when given enough 
time. They proposed that this was due to a decline in the abundance of macroinvertebrates 
resulting in the carp increasing their foraging rates to supplement their diminishing energetic 
demands and thus increase turbidity. Consequently, the lack of difference in turbidity 
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between different sizes of bream recorded by Breukelaar et al. (1994) could be a result of 
the long temporal scale of the experiments, which allowed smaller bream to effectively 
“catch up” with their larger counterparts in raising levels of turbidity. Interestingly this would 
indicate that once bream switch from particulate to benthic feeding, regardless of size, large 
amounts of bioturbation can occur.  
The physical size of the fish can also explain these results. Given that the larger bream have 
more mass and energy to assist in foraging, they will be more efficient. Brabrand, (1984) and 
Suietov, (1939) found that smaller sized bream lack the digging capabilities of larger bream 
with digging depths of 2 and 6 cm respectively. Therefore, if one accepts that the mechanical 
nature of digging is a proxy for turbidity creation it follows that larger bream will create larger 
levels of turbidity regardless of the additional sediment loading created during the food and 
sediment sorting process inside of the body.  
From an ecological aspect this is also to be expected given that once bream switch from 
particulate to filter feeding, their efficiency in filter feeding is shown to increases with age 
(Winfield et al., 1983). That is, the handling time of sediment particles is reduced and 
consequently the rate of sediment expulsion behind the opercula rises thus increasing 
turbidity levels (Winfield & Nelson, 1991). Further to the physiological aspects of the bream, 
another factor which could have played a part in the difference between the two size classes 
is the burial depth of the chironomids. Chironomids dig to a maximum depth of up to 25 cm 
(Kornijów and Pawlikowski, 2016). However, it is more commonly accepted that individuals 
dig to depths between a few millimetres to several centimetres (ten Winkel, 1987). Given 
that the digging capabilities of smaller bream only reach 2 cm (Brabrand, 1984; Lammens et 
al., 1987), their feeding efficiencies will have been significantly reduced if the prey items 
were buried in excess of 2 cm, due to the increased energetic demands of foraging. 
Consequently, it is possible that the chironomids used in the experiments were at depths 
unattainable for the smaller bream and thus reduced their overall foraging efficiency and 
subsequent turbidity.  
Although there were stark differences in turbidity creation with fish size, within a natural 
context, the sizes of bream used in the mesocosm experiments are often found together. 
This makes the separation of fine sediment production based upon fish size much more 
difficult to disentangle. However, it is clear that both size classes have the propensity to 
create significant levels of turbidity. 
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 Fish number 
Fish numbers and thus fish biomass previously been shown to have a drastic effect upon 
suspended solid concentrations (Zambrano et al., 2001) whereby biomass values as low as 
200 – 320 kg ha-1 altered lake ecosystems from a clear water state to a turbid state 
(Zambrano and Hinojosa, 1999). Bream in particular have reduced the Secchi depth from 
crystal clear water to less than 1 m at biomasses of only 30 kg ha-1 (Breukelaar et al. 1994). 
The biomasses in the experimental enclosures here ranged between 7078 – 22598 kg per 
ha-1. Although these numbers are significantly larger, the results from the experiments 
provide robust data that confirm the relationships between fish and bioturbation.  
The increase in turbidity between 1 – 2 fish reflects greater total biological energy present for 
foraging which can be augmented through intraspecific competition. This intraspecific 
competition was seen during one of the two small bream experiments where, as mentioned 
before, a dominant bream chased a submissive bream away from the feeding area for the 
duration of the experiment. However, the non-significant difference found between 2 – 3 fish 
was unexpected because other studies have shown a linear relationship between fish 
density and sediment suspension (Winfield and Nelson, 1991; Zambrano et al., 2001; 
Scheffer, 2004). Further, this relationship has been demonstrated with bream in both a 
natural and enclosure settings, with a strong density effect in 11 Dutch ponds (Meijer et al., 
1990a) and 12 experimental enclosures (Breukelaar et al. 1994).  
Vorobief, (1937) found that young bream feed more intensely when at high densities, while 
adult fish, in contrast, fed less intensely at high densities. These findings contradict what was 
seen here, where turbidity increased as the density of fish increased, whereas the turbidity 
created by the smaller bream appeared to plateau off as density increased. The work by 
Vorobief (1937) was carried out in lakes and thus a larger experimental area, so there is a 
potential limitation upon the total sustained suspended sediment levels that were created 
within the experimental enclosure. Although these enclosures were more than adequate for 
ex-situ experimentation, they are very small in comparison to the body of water that bream 
naturally occupy. Moreover, the bream cannot simply swim away to actively avoid the turbid 
conditions. Consequently, if turbidity levels were created linearly with fish number, sustained 
levels of high turbidity could potentially cause adverse effects for the fish (Kemp et al. 2011). 
The experimental data does support this as it has shown that mean turbidity values never 
exceed 30 NTU and the 95th percentile value never exceeded 55 NTU for either fish sizes in 
any of the experiments. Interestingly, bream have been shown to have a tolerance of 
suspended solids of up to 400 mg l-1 (Davis, 1977). Therefore, both the mean and 95th 
percentile values recorded during this experiment were much lower than expected. However, 
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it is well known that sustained turbidity has adverse effects upon fish (Kemp et al. 2011) and 
consequently, given that the bream had no area to escape the sustained turbidity, it is 
possible that the bream reached a carrying capacity of turbidity (in this instance 30 NTU) 
which does not create any ill effects. This theory unfortunately, could not be verified using 
the infrared camera footage as once turbidity values within the experimental enclosure 
exceeded 10 NTU, the footage was rendered inoperable due to the significant reduction in 
visibility. 
Within a riverine environment where biomasses (as a measure of kg/ha-1) are notably lower 
than those used in the experiments it will require significantly more bream to replicate and 
maintain the levels of turbidity recorded in the experiments. However, although it will require 
a higher biomass of bream within a riverine environment, given that bream commonly shoal 
and feed collectively in the hundreds, the subsequent increase in both biomass and 
conspecific competition could drive foraging rates and thus turbidity to significant levels as 
seen in the experiments.  
Examples of this within a riverine context are lacking but the relatively recent invasion of 
common carp within Australian waterways has led to research examining the detrimental 
effects they are causing. Carp in two billabongs on the floodplain of the Murrumbidgee River, 
Australia were shown to increase rates of particle settlement and turbidity at varying rates 
depending upon their biomass (Robertson et al., 1997; King, 1997). In line with the 
experiments in this chapter, an increase in benthic fish biomass increased turbidity. In the 
billabong with the higher biomass of carp turbidity levels rose from 300 to 550 NTU whereas 
in the lower density billabong, turbidity rose from 90 to 220 NTU (King et al. 1997). 
Correspondingly it was found that at the higher biomass, carp moved more total sediment 
than at lower densities by increasing the rate of particle settlement by up to 300 g m–2 day–1 
with a daily mean rate of >200 g m–2 day–1 compared with a maximum rate in the lower 
density billabong of 150 g m–2 day–1 (Robertson et al. 1997). In contrast, Fletcher et al. 
(1985) found no association between carp densities and turbidity within Australian rivers 
demonstrating that the main driver for turbidity was in fact the hydrologic regime, specifically 
river velocity increasing suspended sediment. Although these papers appear to contradict 
themselves, the difference in hydraulic conditions and temporal scales are likely to be the 
differentiating factor. Both the experiments by Robertson et al. (1997) and King et al. (1997) 
were carried out over a 4-month time scale in summer in comparison to 4 years (1979-1982) 
with Fletcher et al., (1985). This difference in temporal scale and seasonality is likely to 
indicate differences in the drivers of turbidity between the two papers given the impact the 
hydraulic regime has upon turbidity during winter months. Conversely, during summer, the 
effect of the hydraulic regime will be significantly subdued and other factors, such as benthic 
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fish foraging, run-off and wind are likely to contribute to a significant change in turbidity. 
What can be taken from these two papers, however, is that seasonality amongst turbidity 
creation is important within the riverine context. During the summer months, the increase in 
overall water temperature will increase foraging rates amongst fish and the reduced effect of 
the hydraulic regime is likely to exacerbate their impact. 
Although there is no riverine based research that has demonstrated bream’s impact on fine 
sediment dynamics, there is anecdotal evidence from fishermen of visible sediment plumes 
being produced in lowland rivers that are believed to be caused by bream. These visible 
plumes are used by fisherman to reveal where the bream are located, which can often be 
otherwise difficult with bream due to both the size of the rivers that they inhabit (Kottelat & 
Freyhof, 2007) and their nomadic nature (Gardner et al., 2013). Indeed, to capture the 
bream for these experiments, river reaches were watched for sediment plumes and once 
located, a seine net was used to encircle the plume and capture those bream responsible.  
Consequently, it is reasonable to assume that as bream have been shown to produce high 
levels of turbidity within the lentic literature, that bream within a riverine context will also 
create substantial levels of turbidity given the right conditions (seasonality, suitable substrate 
and food source). 
 Food density 
In both bream size classes, food density was shown to be a significant factor in the 
production of turbidity (p = < 0.001) whereby the highest levels of turbidity were found at 
greater food densities. This is to be expected given that foraging is the main driver of 
bioturbation (Scheffer, 2004; Pietsch and Hirsch, 2015). Lammens et al. (1987) showed that 
feeding efficiency increases with food density amongst bream with a positive relationship 
between the number of larvae per mouthful and the overall density of chironomid larvae. 
Small bream caused increases in turbidity proportional to the increase in food availability, 
although the only significant increase in turbidity (above 10 NTU) was observed at natural 
levels of food density. Larger bream caused a similar increase in turbidity proportional to 
food density. However, the 50% density experiments with large bream showed a significant 
decrease in turbidity compared with the control (0% food density) experiments.  
It is possible that this difference was caused by an increase in foraging by the bream during 
the 0% food density experiments over the 50% experiments. Similar behaviour has been 
noted previously where bream have displayed increased levels of foraging across bare 
sediment beds in the hunt for food (Diehl, 1988). This behaviour is consistent with bream’s 
inability to monitor their surrounding environment for food resources, which leads them to 
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take random mouthfuls of sediment while trying to locate the food items buried within 
(Lammens et al., 1987). This behaviour has been shown to increase with energy demands 
(Lammens et al. 1987) and consequently, it is possible that during the 0% experiments, most 
of the larger bream, although chosen at random, were submissive by nature and during 
times of regular feeding outside of experiments were not getting access to adequate food 
resources to meet their energetic demands. 
Interestingly, although the mean value during the 100% density experiments was higher than 
in both the 0 and 50% experiments, turbidity was more variable in the 100% food  density 
experiments. Conversely, the 200% food density experiments displayed the smallest spread 
of all the experiments. A review of the video taken during these experiments highlights two 
contrasting behaviours which explains this difference. During the 100% density experiments, 
foraging started significantly later than in other experiments, but, once foraging began, it 
continued until the end of the experiment. During the 200% density experiments, foraging 
started instantaneously and continued throughout the experiment creating a continuous and 
relatively stable level of turbidity resulting in lack of spread amongst the data.  
Although the 200% food density experiments with the small bream showed significant 
increases in turbidity in comparison to both the 0 and 50% food experiments, there was a 
significant decrease in turbidity when compared with the 100% food density experiments. As 
previously mentioned, due to the spawning event which coincided with a break in the 
experiments between the 100 and 200% food densities, the 200% density experiments 
displayed significantly less foraging activity than the prior experiments. Video footage 
confirmed that bream exhibited a more subdued behaviour with much of the turbidity 
resulting from foraging by a single fish. It is likely that the individual foraging involved fish 
that were not spent after the spawning event. Significantly increased foraging during the 
corresponding large bream 200% food density experiments and the stepwise increase in 
turbidity in relation to food density amongst both bream sizes suggests that if the spawning 
event had not taken place, the 200% experiments would have yielded significantly higher 
turbidity. Unfortunately, due to time constraints, bream of a similar size could not be sourced 
to repeat these experiments. 
The data suggest that there is a significant probability that each feeding event has the 
potential to create high levels of turbidity. However, given that the food resource within 
natural environments will vary in density, both in space and time (Winfield & Nelson, 1991), 
turbidity creation is likely to be varied at each feeding event. Nevertheless, given that the 
data has shown a substantial increase in turbidity with food density, it is more likely that 
significant turbidity will be created when the density of the food resource is at average 
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natural or higher levels over a surface area large enough to support a shoal of bream. This 
will enable the bream to forage for longer periods whilst keeping the total energetic costs 
low, resulting in high and sustained levels of turbidity. Bream probably create low levels of 
turbidity relatively frequently in the search for food, but large turbidity events are only likely to 
occur a limited number of times per day, most likely when a shoal migrates to a feeding 
ground (Gardner et al. 2013). 
 Experimental limitations 
Potential increase in sediment compaction 
Although significant levels of turbidity were recorded during the experiments, there is a 
possibility that these findings are in fact, lower than would be found in-situ. The sediment 
used in the experiments was cleaned to remove all organic content and reduce the risk of 
contaminants harming the fish. Consequently, the characteristics of the sediment were 
different than those found in the field and thus there is a potential that this would change the 
way the sediment behaved. It was noted that both between the experiments when checking 
on the macroinvertebrate densities and during water changes of the experimental tank, that 
the sediment within the experimental tray would become noticeably more compacted over 
time. This compaction required regular manual mixing to reduce the levels of compaction. It 
is possible that over time and under the weight of the water within the experimental tank, the 
sediment would become increasingly more solid through the reduction in the interstitial 
spaces. Therefore, with an increase in sediment cohesiveness (Suietov, 1939), taking 
increased mouthfuls of this type of sediment is not energy efficient and thus the foraging 
efficiency and subsequent turbidity could have been reduced. 
Turbidity threshold 
The experimental data has shown that mean turbidity values never exceed 30 NTU and the 
95th percentile value never exceeded 55 NTU for either fish sizes in any of the experiments. 
Interestingly, the maximum desired concentration of suspended solids for bream is reported 
to be 80 mg/L and the maximum permissible is said to be 400 mg/L (Davis, 1977). Although 
the relationship between the two units (mg/L and NTU) are not absolute, when measuring 
fluvial suspended sediment, it is generally accepted that they have a close 1-1 ratio for 
example see (Rice et al., 2014). Therefore, the levels of turbidity that bream have been 
associated with are noted as being significantly higher than those presented here. 
Consequently, it is possible that bream effectively reduced or stopped foraging once mean 
turbidity levels reach 30 NTU, creating a turbidity threshold within the experiments. This is 
plausible as it has been shown that both high levels of turbidity and consistent turbidity 
cause physical harm towards fish (Kemp et al. 2011) and given that the experimental area is 
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subject to a smaller volume and large biomass, that these effects could be exacerbated. 
Further, the inability to escape these conditions as they would in the wild, would apply a 
secondary pressure upon turbidity creation. Unfortunately, due to the turbidity, the reduction 
or stoppage of foraging could not be confirmed through the experimental video footage, 
although given that the turbidity was observed to plateau it is believed that this could have 
been the case. 
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3.5 Conclusion 
Prior experiments examining fish induced bioturbation have attempted to quantify the level of 
turbidity within lakes using sediment traps (Breukelaar et al., 1994; Robertson et al., 1997; 
Tatrai et al., 1997), Secchi discs (Bajer and Sorensen, 2015; Breukelaar et al., 1994; 
Søndergaard et al., 1990) and direct water sampling (Volta et al., 2013; Badiou and 
Goldsborough, 2015; Bajer et al., 2016). However, none of these experiments have delved 
into the fundamental elements that drive fish bioturbation and the subsequent turbidity. 
Consequently, a set of mesocosm experiments were designed to explicitly examine these 
drivers and assess the potential environmental effects. Increases in fish number, size and 
food density caused significant increases in turbidity. However, each factor exhibited 
interaction effects demonstrating that the bioturbation process is not simple. These results fill 
fundamental knowledge gaps and lay the building blocks to assist in research in later 
chapters. These results confirmed the original hypothesis that bream are in fact 
zoogeomorphic agents, facilitating fine sediment transport through bioturbation. 
Within their natural riverine setting, the results would indicate that an individual feeding event 
is not going to cause significant mobility of sediment. However, if the bream were to feed as 
a shoal (which are commonly found to contain hundreds of fish), the effect could be 
important because these results have identified that conspecific competition increased 
bioturbation. This is especially likely under favourable environmental conditions with high 
food densities spread over a large spatial area to allow sustained foraging.  
It is important to note, however, that the movement of suspended sediment downstream will 
be limited to the energy of the flow, specifically the turbulent properties of the flow relative to 
the settling velocity of suspended sediments. It is possible that plumes of sediments created 
by bream are carried short distances. Nevertheless, the daily feeding routine of bream will 
mean that fine sediment is being translocated daily after each feeding event. This sediment 
translocation may facilitate the overall transport of fine sediment downstream as a series of 
relative movements which would not have occurred if the bream were not present.  
Further to this, there could be two indirect effects that increase the transportation of 
sediment. Firstly, once the translocated sediment has settled out, its propensity to be moved 
again may be greater because it is less stable than the bed where it originated. The 
availability of mobile fine sediment may therefore be greater in rivers affected by bream 
when the next hydraulic event passes through the system, increasing the sediment load to 
levels higher than if the bream were not present. Secondly, it has been reported that bream 
dig into the sediment whilst foraging (Suietov, 1939) and in doing so, leave pits in the bed 
afterwards (Roozen et al., 2007; Oldorff and Kirschey, 2017). These pits may alter the near 
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bed hydraulic characteristics and specifically the micro-hydraulics within the pits themselves. 
These changes in the hydraulic characterises and turbulent properties may promote an 
increase in the rate of scour and thus an indirect increase in suspended sediment in areas 
with feeding pits as opposed to those without. This potential effect is likely to be increased 
during the next spate event in the system. Both of these indirect factors pose interesting 
mechanisms of secondary sediment transport. 
The results from the experiments were different from turbidity values from the literature. The 
mean turbidity from the experiments were lower in natural systems, where values of up to 
253 NTU have been recorded (King et al. 1997). Individual spikes in the experiments only 
reached 139 and 138 NTU for small and large bream respectively. This differentiation 
between the turbidity levels is likely to be explained by the temporal difference between the 
experiments here within and the limnology literature which allow for bream to establish a 
turbidity baseline over a longer time scale. Further, the experiments started at a clear water 
state (< 5 NTU) whereas in most studies the lakes were already populated with fish which 
created a turbidity baseline. In addition, mean turbidity values across all experiments never 
exceeded 30 NTU implying that there might be something more at play. Potentially this 
suggests that the bream themselves are knowingly manipulating the levels of turbidity. The 
latter poses an interesting question as if the bream were able to manipulate their 
surroundings by monitoring and influencing the levels of turbidity, this could indicate a 
possible life strategy and the potential for bream to be ecosystem engineers in addition to 
the zoogeomorphic agents.  
These experiments have raised some interesting questions to be taken forward to improve 
the understanding of the impacts of lowland fish on river sediment dynamics.   
1. Interspecific competition: Conspecific competition was shown to drive levels of 
bioturbation higher in the experiments. However, given that the shoals of bream 
sometimes contain other species, due to the increase in survivability that shoaling 
provides, there might be an additional element to bioturbation within natural systems 
where interspecific competition plays part in potentially driving higher or lower 
bioturbation rates as a function of foraging. 
2. Bed microtopography: It has been highlighted in the literature that the feeding of 
bream can cause geomorphic features in the riverbed by leaving pits behind after 
they feed. These features in the bed may have the potential to alter the hydraulic and 
turbulent properties at the bed and potentially promote the rate of scour. This scour 
will result in an increase in suspended sediment at the next spate event increasing 
the overall contribution of bream to fine sediment transport.  
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3. Ecosystem Engineers: Results have highlighted that bream could be ecosystem 
engineers due to the way the maximum mean turbidity never exceeded 30 NTU, 
unlike the higher levels of turbidity noted in the literature. Consequently, it is possible 
that bream can monitor, control and influence the rates of bioturbation and overall 
levels of turbidity as a life strategy. 
 
4. Validation of bream bioturbation: Although the concept of bream as zoogeomorphic 
agents has been proved in a laboratory setting, it is vital to gain an understanding of 
how these results relate into a field setting. It is possible that bream bioturbation 
contributes to overall fine sediment fluxes. 
 
Going forward, these four highlighted areas of importance will be used in subsequent 
chapters to improve the understanding of the impacts of bream on river sediment dynamics.  
- Chapter 4 will address the potential effects of interspecific competition on 
bioturbation rates in bream and their potential as ecosystem engineers. This will be 
accomplished through a series of ex-situ mesocosm experiments where bioturbation 
created by bream and an interspecific competitor will be measured. These 
measurements will be taken further and used within a recirculating flume to assess 
the impact that bream bioturbation has on the feeding efficiencies of a natural 
competitor. 
- Chapter 5 will address both the alterations to bed microtopography caused by bream 
and the validation of bream bioturbation through a series of in-situ surveys using an 
underwater sonar. Here extensive surveys will provide the morphological 
characteristics of bream feeding pits to provide estimations of displaced sediment. 
The feeding pit morphology will also be taken further through a series of scale 
modelled experiments within a flume to provide an overview of their effect on the 
near-bed hydraulic and turbulent parameters.  
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4 Does bioturbation by bream constitute a life strategy through 
ecosystem engineering? 
4.1 Introduction 
The role of fine sediment within aquatic systems is fundamental to good ecological 
functioning however, an excess of fine sediment can be deleterious (Newcombe and 
Macdonald, 1991). Although the inputs of fine sediment within UK aquatic systems have 
been well documented (Collins et al., 2011) these has been primarily based upon 
anthropogenic sources particularly focused upon the agricultural industry (Collins et al., 
2009; Naura et al., 2016). In recent years there has been significant research looking at the 
impacts that fine sediment has upon aquatic flora and fauna primarily driven by the Water 
Framework Directive (WFD) such as macroinvertebrates, macrophytes, diatoms and fish 
(Jones et al., 2012; Jones et al., 2012; Jones et al., 2014). However, little work has 
assessed what animals physically do to the fine sediment once it is in the system or how 
animals interact with fine sediment where it occurs. For example, the facilitation of sediment 
transport or the ability to physically modify habitats within these environments (see 
zoogeomorphology and ecosystem engineering literature review for a comprehensive review 
– Chapter 2.1). The lack of knowledge/understanding at this physical interface between biota 
and fine sediment highlights a significant research gap. 
Animals within aquatic systems with access to fine sediment can act as ecosystem 
engineers whereby they physically modify, maintain, or create new habitats (Jones et al., 
1994). Although zoogeomorphology shares similarities with ecosystem engineering, this field 
focuses solely upon the biological/ecological impacts rather than the geomorphological 
processes (see the review for further details – Chapter 2.1). Amongst aquatic biota, fish can 
be significant ecosystem engineers and amongst those, the effect of salmon are the most 
studied. The creation of redds during salmon spawning results in bioturbation of fine 
sediment and which is consequently transported downstream (Hassan et al., 2008, 2011, 
2015; Fremier et al., 2017). In addition to the physical habitat alteration that salmon cause 
whilst spawning, the transposed sediment has been shown to have an adverse effect upon 
the surrounding environment. Salmon spawning has been shown to be responsible for an 
immediate decrease in the abundance of macrophytes, macroinvertebrates and periphyton 
due to both the physical disturbance of river beds and fine sediment released through 
bioturbation (Hildebrand, 1971; Field-Dodgson, 1987; Peterson and Foote, 2000; Moore et 
al., 2004; Janetski et al., 2009; Tiegs et al., 2009). Monitoring of salmon spawning beds has 
found that the abundance of periphyton has increased above pre-spawning levels due to an 
increase in nutrients released from direct bioturbation and indirect secondary inputs from 
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decomposing salmon carcass leeching marine derived nutrients into the system (Peterson 
and Foote, 2000; Lessard and Merritt, 2006; Gottesfeld et al., 2008; Janetski et al., 2009). 
The release of nutrients into the aquatic system by salmon, either directly or indirectly, has 
been shown to have a knock-on effect by increasing primary productivity through bottom-up 
effects on the food web (Power, 1990; Finlay et al., 2002; Tiegs et al., 2009). These effects 
occur in multiple salmon species worldwide, which highlights the potential global importance 
that understanding these affects upon the ecosystem could have (Chinook salmon - 
Oncorhynchus tshawytscha (Field-Dodgson, 1987); Coho salmon - Oncorhynchus kisutch 
(Hildebrand, 1971); sockeye salmon - Oncorhynchus nerka (Peterson & Foote, 2000); chum 
salmon - Oncorhynchus keta (Minakawa and Gara, 2003)). Consequently, both the physical 
modification of river beds and subsequent nutrient enrichment has led to salmon species 
being accepted as a prominent ecosystem engineer (Gottesfeld et al. 2008; Janetski et al. 
2009). 
There is substantially less research on the ecosystem engineering carried out by other fish. 
The majority of research has examined physical alterations of the environment e.g., 
burrowing behaviour in gobies - Croilia mossambica (Blaber and Whitfield, 1977), nest 
building of three-spined stickle backs - Gasterosteus aculeatus (Rushbrook and Barber, 
2008) or lake bed disturbance during spawning of cichlid fish - Sarotherodon aurea (Fuller 
and Cowell, 1985). Similar to salmon, other fish species have been shown to be able to alter 
the community dynamics of macroinvertebrates (Winemiller and Taylor, 1982; Thorp, 1988), 
macrophytes (Carpenter and McCreary, 1985), the algal standing crop (Power, 1990; Pringle 
and Hamazaki, 1997, 1998) and facilitate the transfer of nutrients from outside of the aquatic 
environment (Flecker et al., 2002) (for more information see Chapter 2.1.1). One area which 
has received attention is the foraging of benthic fish in lake ecosystems. The effects of 
foraging by benthic fish have been shown to impart both top down and/or bottom up 
mechanisms within these systems food chains which can have detrimental consequences 
for ecosystem functioning. Top down effects are caused by the direct predation upon 
zooplankton indirectly increasing phytoplankton biomass due to a lack of predation, and the 
bottom up effects are caused by both the excretion of nutrients and the release of dormant 
nutrients through bioturbation increasing phytoplankton growth (Breukelaar et al., 1994; 
Newcombe and Jensen, 1996; Tatrai et al., 1997; Zambrano and Hinojosa, 1999; Williams et 
al., 2002; Newcombe, 2003; Scheffer et al., 2003; Persson and Svensson, 2006a, 2006b; 
Roozen et al., 2007; Søndergaard et al., 2008a; Volta et al., 2013; Chapman et al., 2014). 
The bioturbation of sediments has a secondary effect of increasing the levels of suspended 
solids and consequently increasing light attenuation through the water column. If the loss of 
light is sustained it will initiate an ecosystem state shift from a heterogenous macrophyte 
 93 
dominated clear water state to a homogenous turbid state (Scheffer, 1990; Scheffer et al., 
1993). These shifts in ecosystem states are important as the resulting changes to the 
community dynamics of biota represents a significant level of ecological engineering by 
these benthic fish. Increases in turbidity not only affect fish via physiology, performance, 
behaviour and habitat directly (Kemp et al. 2011), but also affect the lower trophic layers 
within the same system (Izagirre et al., 2009). Short-term changes in fine sediment 
concentrations increase stress levels (Redding et al., 1987), reduce feeding and reduce 
oxygen uptake (Bruton, 1985; Henley et al., 2000). Intermediate term effects (semi-sustained 
suspended solid concentrations) reduce resistance to disease (Redding et al. 1987), lower 
tolerances to toxicants (Lloyd et al., 1987), reduce growth and development (Suttle et al., 
2004; Sutherland and Meyer, 2007), and damage fish’s gills and tissues (Herbert and 
Merkins, 1961; Redding and Schreck, 1982). Long-term effects, however, have been shown 
to be the most prominent, causing populations shifts and mortalities (Birtwell et al., 1984; 
Kemp et al., 2011). Consequently, the partial control of turbidity levels by foraging fish 
reports an ecosystem engineering behaviour.  
As previously discussed in past Chapters, bream have been shown to be significant in 
creating high levels of turbidity and creating ecosystem shifts within lakes (Breukelaar, 1994; 
Søndergaard et al. 2007 and Søndergaard et al. 2008; Volta et al. 2013). The laboratory 
results from Chapter 3 support these studies in identifying the drivers behind bioturbation 
and indicating that bream are potentially significant zoogeomorphic agents. Interestingly, the 
results also indicated that a potential ecosystem engineering affect might be influencing the 
results given that the bream appeared to be controlling the levels of turbidity, with the 
maximum mean turbidity never exceeding 30 NTU. Although this could be an experimental 
limitation, this may indicate that bream can monitor, control and/or influence the rates of 
bioturbation and thus the overall levels of turbidity given that these levels are significantly 
lower than those permissible (Davies, 1977) and previously recorded (Breukelaar et al. 
1994, Persson & Svensson, 2006 and Volta et al. 2013). Further, bream have adapted and 
are able to thrive in environments with high levels of suspended solids where other species 
would perish (Davies, 1977; Bergman, 1988; Winfield and Nelson, 1991; Maitland and 
Campbell, 1992). This suggests that an ability to determine the level of turbidity through 
bioturbation could be a life strategy to reduce levels of competition and to change 
environments to be more profitable and favourable for themselves. 
Although previous studies suggest that bream are already ecosystem engineers given their 
ability to alter ecological states within lakes, the novel idea that they could control and 
monitor the levels of suspended sediment through bioturbation has yet to be explored and 
could indicate an additional level of ecosystem engineering which was previously unknown. 
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The specific aim of this Chapter is to investigate if bream can advantageously modify their 
surroundings by reducing levels of interspecific competition through bioturbation. This will be 
evaluated by exploring two questions: 
1. Do the levels of bream bioturbation change in the presence of interspecific 
competition? 
This will be achieved through running two experiments 1a and 1b. 1a will utilise the 
general methodology as in Chapter 3, where the background bioturbation of an 
interspecific competitor to bream will be assessed. These will be followed by 
experiments 1b where bream and the interspecific competitor will be placed together, 
and their bioturbation will be assessed. Differences in bioturbation might be 
anticipated as a function of increased competition driving foraging and thus 
bioturbation.  
 
2. Does bream bioturbation cause adverse effects toward a species from the 
same ecological niche? 
This will be achieved through a set of mesocosm flume experiments where turbidity 
values, gathered from the bream and interspecific competition experiments, will be 
used to assess the how bream bioturbation affects the feeding efficiency in an 
interspecific competitor. Differences in feeding efficiencies might be expected as a 
function of turbidity.  
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4.2 Methodology 
 Study species 
To effectively test the hypothesis that bream can advantageously modify their surroundings 
and reduce levels of competition through bioturbation, a suitable interspecific study species 
was needed. Roach is a freshwater fish species from the same family as bream (cyprinidae). 
They both share the same ecological niche and are commonly found together across Europe 
in both lake and riverine environments (Maitland & Campbell, 1992; Kottelat & Freyhof, 
2007). Roach and bream can be found shoaling together, particularly when young (Winfield 
& Nelson, 1991) and during spawning, where they are both able to produce fertile hybrids 
and viable progeny (Cowx, 1983b; Kottelat and Freyhof, 2007; Hayden et al., 2014). Due to 
these biological and ecological similarities, previous behavioural studies have used both 
bream and roach as study species (Alabaster and Robertson, 1961; Winfield et al., 1983; 
Winfield and Townsend, 1988). 
Roach were collected from the River Witham at Beckingham (SK8736053970) via seine 
netting. In total, 11 roach were taken with fork lengths (FL) ranging between 18.5 - 29.3 cm 
(average - 21.94cm). These lengths were appropriate to represent the average roach size 
found in lowland rivers in addition to those found commonly with bream (pers comms. Jake 
Reeds). One roach however, number 4 in Table 4.1, was too large to be representative of 
the size class collected (FL 29.3 cm) and consequently was not used in any of the 
experiments.  
Table 4.1: Physical characteristics of the roach used in the experiments. 
Fish 
species 
Fish 
Number 
Fish 
weight 
(kg) 
Fish 
weight 
(g) 
Fork 
length 
(cm) 
Roach 1 0.16 160 18.5 
Roach 2 0.2 200 25.6 
Roach 3 0.18 180 20.2 
Roach 4 0.34 340 29.3 
Roach 5 0.14 140 19.8 
Roach 6 0.22 220 23.9 
Roach 7 0.17 170 19.7 
Roach 8 0.2 200 22.4 
Roach 9 0.2 200 21.5 
Roach 10 0.19 190 20.6 
Roach 11 0.14 140 19.8 
 
Average 0.19 194.55 21.94 
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 Experimental question 1: 1a – Roach and 1b – Interspecific competition 
To answer the research questions, two different methodologies where employed. The initial 
research question that bioturbation by bream would change in the presence of interspecific 
competition, is an extension of the initial ex-situ experimental work carried out in Chapter 3 
whereby an additional bioturbation driver is being examined. Consequently, the same 
general methodology was employed as in Chapter 3.2 as this was appropriate given that the 
baseline data for bream was already successfully captured and would allow direct 
comparison between roach and bream.  
Although the general methodology was the same, there were some differences. First, to 
achieve effective comparisons for competition, baseline data for the roach was required. The 
same factorial experimental design was used whereby the number of roach (1-3 fish) and 
food density (0, 50, 100 and 200%) were treatments and turbidity responses were measured 
at a one second resolution. However, size of fish was not a factor in the experiments. 
Second, an additional treatment was used where roach and bream were added to the 
experimental enclosure together at the same ratios (i.e. 1 bream and 1 roach). These 
experiments measured the turbidity created when both species were present for comparison 
with bream only and roach only experiments. Given that baseline bioturbation data for both 
bream and roach would already be established, the decision was taken to only run the 
natural food density (100%) index of the experimental design as this still allowed for 
comparisons to be drawn. The 100% food density was chosen as the experimental 
parameter as it represents the most likely density of food that would be found where both 
bream and roach cohabitate naturally. 
 Experimental question 2 – Roach feeding efficiency 
The second research question looking at the potential effects of bream induced bioturbation 
on the feeding success another species could not utilise the same experimental design as 
the first set of experiments due to the difficulty in effectively examining feeding sucess within 
turbid environments. Previous experiments looking at fish behaviour have taken place 
primarily in aquaria (Alabaster and Robertson, 1961; Winfield et al., 1983; Winfield and 
Townsend, 1988; Rowe et al., 2003; Carter et al., 2010; Ian J. Winfield et al., 2016) although 
some experiments have taken place within ex-situ closed flowing systems and flumes 
(Zamor and Grossman, 2007; Pledger et al., 2014, 2016). These experiments primarily 
examined foraging and feeding behaviour by examining the level of successful captures of a 
known quantity of prey items. Therefore, it was decided that a similar approach would be 
applied to these experiments where the use of a flume would be used to assess the feeding 
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efficiency in roach within a flowing system to draw comparisons with how the results would 
relate to riverine systems.  
 Flume set up 
The feeding efficiency experiments were conducted in a glass-walled, tilting laboratory flume 
(10 m long x 0.3 m wide and 0.5 m deep - Figure 4.1). The flume was filled to a depth of 30 
cm and flow conditions were altered to obtain a flow rate of 10.2 cm/s to mimic flow rates 
that were established from complimentary fieldwork on the River Witham using an Acoustic 
Doppler Current Profiler (ADCP). The flow within the flume was monitored using a magnetic 
flow meter and was checked before and after each experiment.  
During the experiments, the flume sides were covered in black card to prevent light 
penetration and external visual stimuli as suggested by Bonner and Wilde, (2002). Further, 
throughout the flume, roughness boards were used to line the bed which decreased in 
sediment size downstream from pebbles at the head of the flume, to sand over a course of 4 
m. After this point, the remaining bed was laid with sand roughness boards. These 
roughness boards help to promote the correct hydraulic environment by providing complete 
mixing of the water and a subsequent downstream laminar flow within the experimental area. 
The, hydraulic conditions, sediment roughness boards, and blacked out windows contributed 
to replicating a riverine environment. 
 
 
Figure 4.1: Experimental flume used in the fish feeding experiments. 
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An experimental enclosure was set up in the middle of the flume approximately 6 m from the 
inlet which allowed for the aforementioned hydraulic conditions to establish. The enclosure 
measured 1 m long x 0.3 m wide (Figure 4.2). It was constructed using two 10 mm wire 
mesh panels to limit affects upon the hydraulics and to allow the safe passage of food items. 
The upstream wire mesh divide had an infrared camera attached to it for recording foraging 
behaviour and a 250 ml syringe and tubing as a means of externally introducing food items 
upstream of the experimental area to maintain as natural behaviour as possible. The 
downstream wire mesh divide had three standard macroinvertebrate sampling nets of 0.3 m 
depth and 1 mm mesh size spanning across the water column and stacked vertically to 
cover the whole enclosure to catch all food items which were not successfully foraged.  
 
 
Figure 4.2: Experimental area constructed within the flume. Note the wire mesh divides 
and the infrared camera used to monitor behaviour. 
 
The fine sediment used in the experiments to create the varying ranges of turbidity was 
reused from the initial experiments in Chapter 3. However, the sediment had to be sorted to 
size fractions < 250 μm to allow easy transition through the flume’s mechanical pump. The 
addition of sediment into the flume was applied as close to the flume pump as possible over 
a period of 30 seconds and left to establish for 30 minutes to ensure a consistent level of 
turbidity was achieved throughout the water column. The turbidity was measured upstream 
of the experimental enclosure using a RS Hydro Manta 2 water quality multiprobe which 
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measured turbidity (in addition to temperature, dissolved oxygen & conductivity) at a one 
second resolution.  
 Experimental procedure 
An experimental design was established based upon the turbidity produced during the 
bream and roach interspecific competition experiments (research question 1b). A cumulative 
frequency curve was created from the turbidity data gathered from the combined bream and 
roach experiments and the respective 25th, 50th, 75th and 90th percentile values were taken. 
These along with a control made up the 5 experimental turbidity values of < 5.5, 8.5, 14.9, 
45.1, 101.2 NTU respectfully. Due to the difficultly in sustaining turbidity levels to 1 decimal 
place, particularly at the high values, turbidity was kept between ±2 NTU. However, 
throughout the thesis, the turbidity boundaries will be kept to 1 decimal place to represent 
the exact percentiles. A total of 75 experiments were conducted where fish numbers ranging 
from 1 – 3 were used with each turbidity level and repeated 5 times for greater statistical 
power.  
Roach were taken at random from a holding tank and placed into the experimental area and 
left for 30 minutes to acclimatise. During this phase, flow, turbidity, light and water 
parameters (temperature, dissolved oxygen & conductivity) were monitored. After the 
acclimatisation phase the experiments began. A total of 25 chironomidae larvae per fish 
were added to the experimental enclosure at a rate of 1 per 30 seconds via the attached 
water filled syringe. At the end of the experiment, the fish were moved to a separate holding 
tank to ensure that the same fish was not used again in quick succession. Once the fish 
were moved, the macroinvertebrate nets were detached, and a visual inspection of the 
experimental area took place to account for, and remove, any uneaten chironomidae larvae. 
A total count of all uneaten and subsequent eaten larvae was produced and the feeding 
efficiency for each experiment was calculated.  
 Fish husbandry 
As with the bream from the previous Chapter, both species of fish were housed separately in 
two identical 1000 litre holding tanks. These contained the same equipment as before and 
were subject to the same water chemistry monitoring and water change regime (see Chapter 
3.2.1 for specifics). However due to the lower biomass of the roach, variations in water 
chemistry were notably lower leading to substantially less water changes in their holding 
tank. The water used in the flume was also subject to the same scrutiny to ensure 
consistency between the holding tanks and the experimental area to help provide the best 
possible results. Whilst in captivity, both fish species were fed on a mixed diet of live 
 100 
chironomidae larvae and Coppens cyprinid pellet feed. Both species were kept for one 
month before experiments began to allow for a sufficient acclimatisation period. Before each 
experiment, visual inspections of the fish were carried out to assess their general health and 
experiments only commenced once their welfare was confirmed. After the experiments had 
been completed, both fish species were transported back to their respective rivers and 
released at the same spot at which they were caught.  
 Data analysis 
Research question 1a and b – The raw NTU data gained from the experiments were 
examined to assess the homogeneity of variances with the dataset. Quantile-Quantile (QQ) 
plots were inspected and the results were quantitatively confirmed using a “Shapiro–Wilk” 
test for normality. Upon testing, it was apparent that this turbidity dataset, much like that from 
the previous Chapter, did not fit a standardised normal distribution model due to the high 
numbers of datum at low values and consequently, the dataset was logarithmically 
transformed to gain a normal distribution. As the experimental design for this question was 
formulated around the results from the previous Chapter, the post processing of data was 
matched whereby to account for the dispersion of data, all values that were outside of two 
standard deviations from the mean were removed from the dataset. Inspection of the raw 
data confirmed that this filtering method removed values that were isolated peaks and did 
not represent an accurate reflection of surrounding turbidity values. Data outside of these 
values were believed to have been caused by either instrument error associated with 
working at a 1 second resolution or by a fish swimming close to the sensor providing a false 
positive result. 
A general linear model (GLM) was constructed based upon the same structure as before 
where the dependant variable (mean turbidity) was tested to see if changes in turbidity can 
be explained by the independent variables (fish type (roach, bream and bream and roach), 
fish number and food density). This highly robust and flexible statistical test allows for 
relationships to be modelled not only between the dependent variable and each of the 
independent variables, but also the interactions effects between all the independent 
variables upon the dependent variable by statistically controlling each independent variable.  
The model was validated by altering the model structures (error family & link functions) to 
find the lowest residual deviance and lowest “Akaike Information Criterion” (AIC) value. This 
approach ensured a normal distribution and homogeneity of residuals which would fit the 
parametric assumption that the treatment groups stochastically dominate another allowing to 
successfully test the hypothesis that bream bioturbation is greater in the presence of 
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interspecific species. Significance of relationships were assessed through consideration of 
Tukey post-hoc t-test and associated P values. 
Research question 2 – Linear models were constructed between feeding efficiency 
(dependent variable) and turbidity, fish number and quantity of food (independent variables) 
for all feeding efficiency experiments. The model residual versus fitted values were plotted to 
examine homogeneity of variances and Quantile-Quantile (QQ) plots were inspected to 
ensure the data was normally distributed. The QQ plots presented that the model did not 
conform to a normal distribution which was confirmed using a “Shapiro–Wilk” test for 
normality. Consequently, a “Kruskal–Wallis” test (non-parametric one-way ANOVA) was 
performed between each independent variable and feeding efficiency (dependent variable), 
with a “Nemenyi post-hoc” comparisons test being performed on those identified as 
significant (a = 0.05). The “Kruskal–Wallis” test was chosen as it allows for comparisons 
between two or more groups of independent samples. This approach meant that the 
interaction effects could not be measured. However, this test will still highlight if one 
treatment group stochastically dominates another to test the hypothesis that bream 
bioturbation will affect the feeding efficiency of roach.  
For both questions, all visualisations and statistical analyses were undertaken in R 3.3.2 
using RStudio Version 1.0.136 (RStudio, 2016), and relationships were considered 
significant at P values < 0.05. 
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4.3 Results 
 Experimental question 1a – Roach 
In total, 36 individual experiments were conducted with roach to understand their potential 
zoogeomorphic impact on fine sediment bioturbation. During each experiment, foraging was 
observed through the review of the captured experimental video. However, closer 
examination displayed that although roach were feeding benthically, their feeding mode was 
particulate by nature with a plucking motion rather than the characteristic sucking motion of 
bream. This resulted in an almost negligible level of bioturbation. This was visually confirmed 
after each experiment which saw no modification in water clarity (Figure 4.3).  
 
 
Figure 4.3: Roach inside of the experimental enclosure after an experiment - note the 
clear water after a 1-hour treatment. 
 
The data collected from the turbidity probe confirmed the post-experimental visual 
assessment where the averaged mean and 95th percentile turbidity values from all 
experiments recorded significantly lower results than those seen by bream previously. The 
highest value recorded during the experiments was 27.211 NTU during a 2-fish experiment 
with 200% food density, this however, is believed to be an artefact of the fish swimming in 
front of the probe providing a false positive as the 95th percentile value from that experiment 
was 2.664 NTU. Interestingly, the mean and 95th percentile values were shown to never 
exceeded 5 NTU with the highest values of 2.13 and 3.61 NTU respectively (Table 4.2). The 
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distinctive lack of turbidity observed in the experiments highlights that roach do not disturb 
sediment sufficiently to reduce visual clarity (Figure 4.4). Further it is likely that these 
differences are due to the measurement error of the instrument (2% of the turbidity range). 
Consequently, as the differences between all treatment groups are so small and likely to be 
associated with the instrument error, statistical analysis for roach specifically was not 
conducted to reduce the levels of false positives being reported.  
Table 4.2: Roach mean (left) and 95th percentile (right) turbidity values taken from the 
roach only experiments. 
 
Mean 95th percentile 
 
Number of fish 
Food density 1 2 3 1 2 3 
0 2.08 1.96 0.81 2.79 2.51 1.22 
50 0.22 0.62 0.12 0.74 1.84 0.54 
100 1.8 1.64 2.13 2.43 2.31 3.61 
200 0.19 1.19 1.76 0.77 2.11 2.75 
 
Figure 4.4: Mean turbidity values of the roach bioturbation experiments where turbidity is 
on the y axis, food density on the x axis and the number of fish identified through grey 
shading. 
 
 Experimental question 1b – Interspecific competition 
In total nine experiments were conducted where turbidity was the dependant variable and 
the proportional number fish (i.e. 1 roach and 1 bream) was the independent variable. Video 
review displayed that both species undertook successful foraging, but as previously 
mentioned roach fed by targeting individual chironomidae larvae whereas bream assumed 
filter feeding. Further, the video showed that even with an increase in total biomass within 
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the experimental enclosure, turbidity was caused by feeding alone rather than any other 
interactions with the water sediment interface (i.e. swimming). Once turbidity levels rose, 
videography become obsolete due to a lack of visual clarity.  
High turbidity values were recorded during these experiments, with the highest individual 
value of 136.6 NTU recorded during a 3 fish experiment (3 bream and 3 roach).  
The mean turbidity of these experiments increased with fish number, with an increase in 
turbidity of 355% between the 2 and 3 fish experiments (Figure 4.5). Interestingly, although 
there was an increase in mean turbidity of 83% between the 1 and 2 fish experiments, the 
absolute turbidity in each was quite low. For the 50th and 95th percentile turbidity values 
(Figure 4.6), the same trend can be seen. Both sets of statistics suggest that there is a 
strong influence upon turbidity once the fish number has increased to 3 bream and 3 roach.   
 
 
Figure 4.5: Mean turbidity values from each experimental run of the combined bream and 
roach experiments. NB: The number of fish values represent how many of each 
individual species were present. 
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Figure 4.6: 50th and 90th percentile turbidity values from the interspecific bream and 
roach experiments. NB: The number of fish values represent how many of each 
individual species were present. 
 
Comparisons of the combined roach and bream data with the individual data of each of 
those species have shown that both fish species groups (bream, roach and bream & roach) 
and fish number are significant in driving bioturbation (p = < 0.001; Table 4.3). Further, it has 
highlighted that there is an interaction affect between both fish species and fish number, 
indicating that one variable is dependent upon the other.  
 
Table 4.3: GLM statistical test results for comparisons between bream, roach and the 
combined bream and roach experiments upon turbidity creation. 
 Df Sum Sq Mean Sq F value Pr(>F) p value 
Fish species 2 5.42 2.71 507.17 < 2e-16 < 0.001 
Fish number 2 1.31 0.66 122.78 3.23E-11 < 0.001 
Fish species:fish number 4 1.00 0.25 46.88 2.79E-09 < 0.001 
Residuals 18 0.10 0.01    
 
Further examination of the data has showed that each fish species group yielded 
significantly difference in turbidity (p = < 0.001) (Table 4.4). Statistically, roach were shown 
to cause the least amount of turbidity followed by bream and then the combination of both 
bream and roach (Figure 4.7). Further, the significant result that bream and roach combined 
create the highest levels of turbidity (p = < 0.001) indicates that interspecific 
interactions/competition are driving bioturbation levels higher than when species are 
separated. Section 4.3.1 showed that roach have a statistically negligible effect upon the 
levels of bioturbation. This suggests that during the combined bream and roach experiments 
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that the roach’s contribution to the overall bioturbation is insignificant and that most, if not all, 
of the turbidity is actually caused solely by bream. This was confirmed from the videography, 
where during low turbidity values when footage could be analysed, only bream were seen 
causing bioturbation through foraging.  
Table 4.4: Tukey multiple comparisons of means post-hoc t-test with 95% family-wise 
confidence level results on the effect of fish species upon turbidity. 
 diff lwr upr p adj p value 
Bream & roach - bream 0.36 0.16 0.55 0.00 < 0.001 
Roach - bream -0.72 -0.92 -0.53 0.00 < 0.001 
Roach - bream & roach -1.08 -1.27 -0.88 0.00 < 0.001 
 
 
Figure 4.7: Box plot displaying the observed differences between the logarithmically 
transformed turbidity data against each fish species. The box plot shows median values 
(solid horizontal line), 50th percentile values (box outline), and 90th percentile values 
(whiskers) and experimental outliers (open circles). 
 
Further qualitative examination of the raw data suggests that there is an additional affect 
driving bioturbation in the combined bream and roach experiments (Figure 4.8). There is a 
stepwise increase in turbidity which can be clearly seen in the 1 and 3 fish experiments, 
whereby turbidity increases in line with the fish species groups from roach to bream and 
finally to bream & roach (Figure 4.8). However, during the two fish experiments, this 
stepwise trend is not seen amongst the groups where it is in fact the individual bream which 
was shown to produce the highest levels of turbidity (Figure 4.8). 
 107 
 
Figure 4.8: 50th percentile (light grey) and 95th percentile (dark grey) turbidity values for 
each experiment run at varying fish numbers. 
 
Additional bioturbation created by bream due to interspecific competition was calculated by 
combining the background mean turbidity data for both the individual roach and bream 
experiments and then subtracting from the combined mean turbidity experiments (Table 4.5). 
Therefore, if the resulting mean turbidity value was positive, it would indicate that 
interspecific competition was impacting turbidity levels. Table 4.5 displays these differences 
and turbidity is being driven further through interspecific interactions/competition.  
Table 4.5: Mean turbidity values taken from the 100% food density matrices for every fish 
type. The combined difference represents mean turbidity from the ‘Bream and roach’ 
experiments subtracted from the total means of the individual roach and individual large 
bream experiments (Roach + large bream). 
 1 fish 2 fish 3 fish 
Roach 1.80 1.68 2.20 
Small bream 5.22 14.04 29.38 
Large bream 3.71 21.14 15.23 
Bream and roach 8.88 16.30 74.28 
    
Roach + large bream 5.51 22.83 17.43 
Combined difference 3.37 -6.52 56.86 
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Total increases were observed in both 1 and 3 fish mean turbidity values and in particular 
the 3 fish experiments where mean turbidity substantially by 388% (56.86 NTU) and the 95th 
percentile turbidity by 407% (101.95 NTU) whereas mean turbidity with 1 fish were only 
shown to increase by 49% (3.37 NTU). Conversely, a decrease in mean turbidity was shown 
during the 2 fish experiments. However, much like with the results from the 1 fish 
experiments, the shifts in actual turbidity are relatively small and overall there is likely to be a 
negligible effect upon interspecific interactions/competition at both 1 and 2 fish.  
This data supports that of the previous trends found amongst the means, 50th and 95th 
percentiles where a significant increase in turbidity is noted at 3 fish. However, it improves 
our understanding by signifying that significant turbidity is being created by the bream once 
presented by interspecific interactions/competition from the roach. 
 Experimental question 2 – Roach feeding efficiency  
75 flume experiments were undertaken to assess the effect of specific fish induced turbidity 
on the feeding ability of roach. Turbidity values were based upon the turbidity percentiles 
from the combined bream and roach experiments (Table 4.6) and will enable the 
examination of the potential ecosystem engineering effect into how turbidity caused by 
bream, in the presence of an interspecific competitor, could have detrimental effects on that 
competitor.   
 
Table 4.6: Turbidity values ascertained from the percentiles of the combined bream and 
roach experiments. These values represent fish induced turbidity levels rather than a set 
of arbitrary turbidity values. 
Percentiles NTU 
90th 101.2 
75th 45.1 
50th 14.9 
25th 8.5 
Control < 5 
 
All of the feeding efficiency experiments were conducted successfully, and foraging was 
observed in all experiments apart from the 45.1 and 101.2 NTU. Here, the turbidity 
significant decrease in visibility rending the infra-red camera obsolete. During all 
experiments roach were seen to shoal together and exhibited positive rheotaxis (Figure 4.9). 
 109 
 
Figure 4.9: Pictures of each treatment with 3 roach at the varying turbidity values. 
Turbidity values increase in order from left to right (<5.5 NTU (control), 8.5 NTU, 14.9 
NTU, 45.1 NTU & 101.2 NTU). 
 
The combined control experiments revealed that in essentially clear water, roach had a 
baseline feeding efficiency of 62% (± 2.36 SD). There was little change in the feeding 
efficiencies at the 25th percentile group with 60% (± 2.72 SD) (Figure 4.10). Feeding 
efficiencies declined substantially once turbidity levels increased beyond the 75th percentile 
of 45.1 NTU with 0% (± 0.45 SD) and 0% (± 0.33 SD) at the 90th percentile of 101.2 NTU 
(Figure 4.10 and Figure 4.11). 
 
 
 
Figure 4.10: Experimental feeding efficiencies for roach at each fish induced turbidity 
group. Each of the same coloured line represents a different fish number (1 – 3) and each 
colour represents a different turbidity group.  
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Turbidity was the only significant factor in affecting the feeding efficiency in roach (P = < 
0.001; Table 4.7). Whereas fish number and thus increased levels of competition, were 
shown not to effect feeding efficiency (P = 0.38). 
 
 
Figure 4.11: Mean roach feeding efficiencies at each turbidity threshold. 
 
Table 4.7: Kruskal-Wallis non-parametric test results for the effectiveness of fish number, 
food items and turbidity upon feeding efficiency rates in roach. 
 chi-squared df p adj p value 
Fish number 1.95 2 0.38 < 0.5 
Food items 1.95 2 0.38 < 0.5 
Turbidity 673955 4 6.13E-14 < 0.001 
 
Subsequent post-hoc analysis identified significant differences between the turbidity groups 
and feeding efficiencies. Turbidity was shown to be insignificant in changing the feeding 
efficiency between the control and 8.5 turbidity groups (p = 0.93) (Table 4.8). However, 
turbidity was shown to start influencing feeding efficiencies once levels reached 14.9 NTU (p 
= < 0.001).  
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Table 4.8: Nemenyi post-hoc test results for the effect of turbidity upon feeding densities. 
P values have been rounded to 3dp and are represented by symbology and colours 
whereby: *** & green = < 0.001, ** & orange = < 0.01 and * & yellow = < 0.05 
 Control 25
th (8.5 
NTU) 
50th (14.9 
NTU) 
75th (45.1 
NTU) 
90th 
(101.2 
NTU) 
Control  0.93 * *** *** 
25th (8.5 
NTU) 0.93 
 0.11 *** *** 
50th (14.9 
NTU) * 0.11 
 0.05 * 
75th (45.1 
NTU) *** *** 0.05 
 1 
90th 
(101.2 
NTU) 
*** *** * 1  
 
Substantial differences in feeding efficiency were seen between all groups and both the 45.1 
and 101.2 NTU (p = < 0.001) but there was no statistical difference between 45.1 and 101.2 
NTU (p = 1) due to the feeding efficiencies reaching 0%. This indicates that although 
turbidity influenced the feeding efficiency of roach at levels as low as 14.9 NTU (Figure 
4.12), somewhere between that (50th percentile) and 45.1 NTU (75th percentile) there is a 
turbidity threshold at which the roach’s feeding efficiencies will be reduced to zero (Figure 
4.10 & Figure 4.11). 
 
Figure 4.12: Box plot displaying the observed differences in feeding efficiency of roach at 
each fish induced turbidity group. The box plot shows median values (solid horizontal 
line), 50th percentile values (box outline), and 90th percentile values (whiskers) and 
experimental outliers (open circles). 
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4.4 Discussion 
 Experimental question 1a – Roach 
In all the roach experiments, successful feeding was observed through the inspection of 
video footage. Although foraging was witnessed, the results presented here have highlighted 
that roach were unable to increase turbidity to levels which would cause either ecological 
damage or a visual decrease in water clarity. While turbidity levels created by roach were not 
expected to reach the levels of a specialised benthic feeder like bream given their 
omnivorous diet (Kottelat & Freyhof, 2007), it was expected that some notable turbidity 
would have been created since roach can cause bioturbation of fine sediments through 
benthic foraging (Søndergaard et al., 1990; Horppila and Kairesalo, 1992; Persson and 
Hamrin, 1994; Tarvainen et al., 2002; Winfield et al., 2016; Dadi et al., 2017). Moreover, a 
similar mesocosm laboratory experiment has noted that roach were responsible for 
increasing suspended sediment once planktonic prey items were reduced (Horppila & 
Kairesalo, 1992) and consequently, as only a benthic food source was available, it would 
have been expected that a positive change in turbidity would have been observed. The 
video highlighted a potential reason for this. During the experiment, roach were never 
observed physically ‘digging’ into the sediment bed for food items, instead they were seen to 
employ particulate feeding by targeting individual prey items using a ‘plucking’ motion rather 
than characteristic benthic ‘sucking’ motion. The plucking motion resulted in little or no 
observed sediment resuspension owing to the prey items targeted by the roach not fully 
being buried into the experimental sediment tray allowing for easy extraction. Further, once 
all of the prey items from the sediment surface were collected, foraging ceased even though 
prey items were present below the sediment surface. Roach have the propensity to dig up to 
5 cm into the sediment bed to extract food items (Suietov, 1939) although items buried less 
than 2 cm are preferable as feeding efficiency has been shown to decrease significantly with 
burial depth (Hoogenboezem, 1991). None of the video recorded any digging behaviour 
which suggests that either the energetic demand for food was not high enough to induce 
digging or that the sediment itself was compacted to an extent that the roach were unable to 
dig. 
Food density and fish number 
Drawing conclusions of the effect of roach numbers and food density upon turbidity is 
particularly difficult. It would be assumed that the experiments would have followed the same 
trends as the prior bream experiments were an increase in both food density and fish 
number would have individually and collectively increased turbidity. However, the results 
here did not follow this trend and displayed a stark difference between the treatment groups 
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with no trends. Where differences between treatment groups where found, it is likely a result 
of false positives and consequently void due to the turbidity levels being so low (< 2.5 NTU) 
that any subsequent changes in turbidity, even small, will be deemed significant by the 
statistical testing. These small changes in turbidity are likely the result of instrument error 
where the values fall within the associated error range of the turbidity probe (2%) and/or 
natural background variation in turbidity as opposed to roach foraging behaviour. The void 
nature of the results explains the lack of trends seen between both food density and fish 
number data and shows that roach cannot promote fine sediment resuspension. 
As mentioned previously, these results are unexpected because roach have previously been 
associated with high levels of turbidity within lentic ecosystems (Søndergaard et al., 1990; 
Persson and Hamrin, 1994; Tarvainen et al., 2002; Dadi et al., 2017). Consequently, roach 
are subject to management strategies in lakes to help alleviate turbidity levels primarily 
through biomanipulation of their biomass (manual removal of roach from a system) or 
through biological control (introduction of a predator) (Horppila and Kairesalo, 1990, 1992, 
Søndergaard et al., 1990, 1997, 2017; Skov et al., 2002; De Backer et al., 2012; Triest et al., 
2015; Urrutia-Cordero et al., 2016). Interestingly, these studies tend to be based upon mixed 
cyprinid communities within lakes which makes it impossible to disentangle species specific 
quantities of suspended sediment. Therefore, the results may indicate that where roach have 
been identified as significant benthic foragers, their contribution to suspended sediment may 
have been significantly overinflated by the other species present such as bream and carp. 
Roach can promote phytoplankton productivity and acute algal blooms by elevating 
phosphorus levels through excretion of waste metabolites and remobilising phosphorous 
from the sediment surface layer (Horppila & Kairesalo, 1990; Meijer et al. 1990; Persson & 
Hamrin, 1994; Tarvainen et al. 2002). This consequently means that although roach did not 
affect the turbidity during these experiments, they can still influence overall turbidity within a 
system. However, this is driven indirectly through promoting phytoplankton productivity 
resulting in an increase in total suspended solids rather than through bioturbation of fine 
sediments. These changes in total suspended solids require longer temporal scale to 
establish these effects in comparison with direct sediment suspension. 
 Experimental question 1b – Interspecific competition 
The results presented here have demonstrated that, in the presence of another species, 
bream produce significantly more turbidity whilst foraging than when they only have 
conspecific competition. Video observations supports the finding that turbidity levels were 
created through foraging behaviour in all experiments.  
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Mean turbidity increased significantly with fish numbers, with a substantial increase of 362% 
from 16 NTU to 74 NTU. The increase in mean turbidity with fish numbers is expected based 
on bream only experiments (Chapter 3.3) and other studies have reported linear 
relationships with fish number and turbidity (Winfield & Nelson, 1991, Scheffer, 2001). 
However, the significant rise in mean turbidity of 362% between 2 – 3 fish treatments was 
not foreseen and suggest that additional factors were relevant in those experiments. 
Comparison of the data between the previous individual roach and bream experiments 
(Chapter 3.3) highlights an increase in turbidity when bream and roach are combined over 
the sum of the individual experiments (apart from with 2 fish). Moreover, roach caused 
negligible turbidity regardless of fish number, implying that the turbidity levels observed in 
the interspecific experiments where created primarily from bream. The increases seen 
amongst the joint species experiments over the individual experiments are characteristic of 
mix species behaviour. Cyprinid species which shoal together have been shown to locate 
food items quicker than individuals (Pitcher, 1986) and reduce feeding latency (the time it 
takes to begin feeding) (Morgan and Godin, 1985) and these relationships have been shown 
to increase in line with fish number due to an increase in competition (Pitcher et al., 1982). It 
is commonly known that shoaling has also been shown to decrease predation risk. However, 
this perceived risk amongst shoaling fish is further reduced in line with turbidity due to a 
reduction in vision amongst predators (Pitcher et al., 1986). Consequently, this suggests that 
bioturbation both reduces predator efficiencies and thus indirectly promotes increased 
foraging.  
The original hypothesis that bream are responsible for creating turbidity is supported by 
these results. Experiments with European minnows (Phoxinus phoxinus (L.)) in mixed 
species shoals were pushed out of the feeding zone by larger fish to reduce competition 
over the food resource (Pitcher, 1986). Similar behaviour was apparent here in the video 
footage which revealed bream dominated and ushered roach away from the feeding tray. 
This behaviour increased with fish number. Consequently, it is likely that a similar 
behavioural mechanism was employed by bream during these experiments to reduce the 
food resource for roach by pushing them off the feeding tray. Further, interspecific 
competition between cyprinids resulted in reduced handling time of food items in goldfish 
(Carassius auratus (L.)) reduced by 20% and increased competition altered their feeding 
mode from particulate to gulping (Street et al., 1984). This change in feeding mode results in 
quicker foraging and prey consumption at the expense of increased energetic demand and is 
believed to be a response to the goldfish attempting to outcompete the interspecific 
competition. This behavioural in the goldfish was shown to increase with shoal size which 
complement the results here. These observations are consistent with the data presented 
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here where in general turbidity increased with fish number. This has been displayed in 
bream to some extent where they can reduce interspecific competition through dividing 
resources amongst individuals to use a larger bionomic niche space, facilitating higher local 
abundances (Faulks et al., 2015). It appears that bream are able to adapt and overcome the 
conditions and force other species into feeding on suboptimal food sources. For example, 
roach, within highly productive systems where bream are present, can shift their feeding to 
utilise phytoplankton to a larger extent than benthic macroinvertebrates (Sorokin, 1968; 
Lammens, 1986). This effect of changing the feeding strategies of another species could 
explain the vast increase in turbidity seen during the 3-fish experiments as bream promote 
unfavourable conditions for other species. Although it is unlikely that bream altered their 
feeding mode given their preference for filter feeding, it is probable that their rate of feeding 
and consequent handling time was reduced as a result of the presence of roach. This 
behaviour may have been present during all fish number treatments but the increase of 
362% in mean turbidity between the 2- and 3-fish experiments, indicates that the ‘shoal size’ 
during these experiments was big enough to instigate sufficiently higher interspecific 
competition to promote these behaviours.  
Conversely, although the data suggests that roach will have a negligible effect upon overall 
turbidity, it is possible that an increase in shoal size (fish number) could have driven them to 
forage and provide subsequent turbidity (Pitcher et al. 1982). Further, the characteristic 
“head down” feeding position that benthic foragers such as bream specifically occupy when 
foraging, has been shown to attract fish to an area to feed as it is perceived by others that 
food is in that area (Magurran, 1984). Consequently, the foraging behaviour exhibited by the 
bream in these experiments could have induced the roach into increasing foraging rates. 
Unfortunately, observations of the experimental video before turbidity levels halted analysis 
did not display any feeding attempts by roach which suspended sediment into the water 
column. It is therefore unlikely that roach contributed turbidity during the interspecific 
experiments.  
Although these differences in turbidity are likely to have been caused through additional 
competition, it seems probably that the relationship with interspecific competition and 
turbidity would increase linearly with fish number. However, the vast increase in turbidity 
between the 2 and 3 fish experiments could imply that there is a threshold at which bream 
take decisive action to increase the levels of turbidity which was met during these treatments 
and not before. 
One theory could be that bream tolerate turbidity and control levels of turbidity. For example, 
Townsend and Risebrow, (1982) showed that underyearling bream were capable of 
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capturing daphnia at very low light levels, and Diehl, (1988) showed that the capture rate of 
bream feeding on benthic prey in darkness was as high as that under daylight. 
Consequently, the increase in turbidity will likely have a negligible effect upon the overall 
foraging rates of bream, where conversely, other species will be significantly effected by 
reducing their ability to meet energetic demands if these levels effected a large area 
(Winfield, 1986; Diehl, 1988). Not only does this display that bream can feed just as 
effectively in highly turbid environments as clear water, but it also demonstrates that they 
could increase turbidity to a level which would be acceptable for them (before causing 
physical damage) but inadequate for other species. This would leave the resource either 
solely for bream or significantly more in their favour if other species (such as roach) could 
not tolerate these environmental conditions.  
Further to this, bream could also be conscious of turbidity levels by promoting the 
productivity gradient. Aquatic systems are known to go through community succession along 
a productivity gradient such that cyprinid biomasses dominate in highly productive systems 
(Persson et al., 1988). Of these cyprinids, both bream and roach are commonly found as the 
dominant species representing the highest biomass of the system (Persson, 1983) and 
bream appears to replace roach as the most abundant cyprinid species in a most productive 
systems (Biro and Garadi, 1974; Lammens et al., 1987). Interestingly, bream have been 
shown to be able to promote primary productivity both directly and indirectly through the 
bioturbation of fine sediment whilst foraging for benthic prey (Breukelaar et al. 1994). As 
bream can promote productivity and thus accelerate the shift of community succession, a 
level of potential conscious or subconscious environment degradation could be apparent 
amongst bream. This degradation represents a form of ecosystem engineering and a 
potential life strategy to promote more suitable habitat through increasing the productivity 
gradient. This theory is, to some extent, corroborated by past research. Davis (1997) has 
noted that both roach and bream are the most tolerable typical cyprinids to changes in the 
physical parameters of water (such as conductivity, dissolved oxygen, turbidity, pH, and 
temperature). Given that both bream and roach can survive in extremes amongst these 
parameters whereas other species would not, it is plausible that both bream and roach could 
purposefully increase habitat homogeneity through bioturbation and increased nutrient 
releases to drive the productivity gradient causing trophic cascades. Not only would this alter 
the community dynamics leaving a system which is dominated by these two species but also 
will leave all the resources of that system for them to utilise.  
Further to this, in both laboratory and field experiments bream feed most effectively on areas 
with the least habitat complexity and preferentially in open water, avoiding marginal habitats 
(Winfield, 1986; Diehl, 1988). Although this could be in response to lowering the risk from 
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predation or the spatial variability in desired prey items, this is unlikely as carp – a similar 
benthic cyprinid to bream – are noted for being facultative in their feeding zones (Hartley, 
1947). It therefore could highlight that bream are conscious of their surroundings and their 
potential environment impact. For example, this preferential behaviour could be due to the 
utilisation of marginal habitats by bream at different life stages. Bream use the submerged 
and emergent vegetation as spawning substrate (Maitland & Campbell, 1992; Winfield & 
Nelson, 1991; Kottelat and Freyhof. 2007) and juveniles utilise these areas as nursey 
grounds (Maitland & Campbell, 1992; Kottelat & Freyhof, 2007). Therefore, as high turbidity 
levels could result in poor macrophyte growth, and poor development of eggs, fry and 
juveniles fitness, thus reducing bream spawning substrate and overall recruitment rates 
respectively (Suttle et al., 2004; Sutherland and Meyer, 2007; Kemp et al., 2011), the 
preference to feeding in open water could suggest that bream are conscious of their aptitude 
to degrade their immediate environment through their bioturbation activity and consequently 
actively prevent the degradation of favourable habitat to increase future recruitment success.  
 Experimental question 2 – Roach feeding efficiency 
Turbidity has been shown to have negative effect upon both flora and fauna. Amongst fish, 
high levels of turbidity can reduce or stop the effectiveness of courtship (Burkhead and 
Jelks, 2001), conveying information to young (Keenleyside and Bietz, 1981), and migration 
(Newcombe and Jensen, 1996). However, it has been noted that the effect of turbidity has a 
more pronounced effected upon the visual capability of fish (Rowe and Dean, 1998). The 
flume experiments presented here add to this understanding by revealing the stark effect 
that turbidity has upon fish feeding efficacy. Although, there are studies which have looked at 
the effect of turbidity on the visual ability of fish before (for example Benfield and Minello, 
1996; Sweka and Hartman, 2000, 2003), this is the first example where the turbidity levels 
used within the experiments were directly taken from recorded turbidity levels created solely 
by other fish. This novel approach allowed for the effect of fish bioturbation upon other 
species from the same ecological niche to be quantified and help to answer the overall 
question of whether bream are ecosystem engineers.   
Turbidity created by bream had a profound effect on the particulate feeding efficiency of 
roach. This impact was significant above the median turbidity levels generated by bream 
(14.9 NTU). Feeding effectively stopped once turbidity levels reached and exceeded 45.1 
NTU. Observing this significant decrease in feeding efficiency at only 14.9 NTU is surprising 
because the impact on visual clarity is not great at this level. The effect of turbidity on the 
feeding efficiency of fish differed amongst species where, for example, Rosyside Dace 
(Clinostomus funduloides) and bluegills (Lepomis macrochirus) both saw a 50% reduction in 
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feeding efficiencies but at 9.2 and 190 NTU respectively (Gardner, 1981; Zamor and 
Grossman, 2007). Consequently, it appears that the effect of turbidity on roach is seen at the 
lower end of the turbidity spectrum suggesting they are susceptible to even small increase in 
turbidity.  
The effect of turbidity on feeding efficiencies has been shown to be dependent upon visual 
distance (Gerking, 1994). Aquatic fish can see up to 15 m ahead in clear water (Walls, 1942; 
Ali, 1975; Nicol, 1989) but visual perception of depth is dramatically decreased proportionally 
with turbidity (Gerking, 1994). Moreover, turbidity levels have been shown to have a negative 
effect upon the reactive distance of fish towards prey items by reducing the reactive distance 
for prey capture. Reactive distances in fish have been shown to decrease proportionally with 
turbidity (Gerking, 1994). For example, the distance at which smallmouth bass (Micropterus 
dolomieu) reacted to prey was shown to reduce from 65 cm in clear water to 10 cm at 40 
NTU (Sweka and Hartman 2003) and the distance at which brook trout (Salvelinus fontinalis) 
reacted to prey reduced from 80 cm in clear water to 12 cm turbidity above 30 NTU (Sweka 
and Hartman 2001).  
The results have shown that the feeding efficiency of roach was completely inhibited once 
turbidity levels reached and exceeded the 75% percentile values (45.1 NTU). It has also 
highlighted that a feeding efficiency threshold between the 50th (14.9 NTU) and the 75% 
(45.1 NTU) percentiles exists. This threshold could imply that at some point between this 
turbidity gradient, roach are either inhibited of all visual ability to capture fish or that the 
turbidity levels have induced a behavioural response which has altered the way they feed. 
Levels as low as 20 NTU have been shown to inhibit the feeding of banded kokopu 
(Galaxias fasciatus) (Rowe and Dean 1998) and as mentioned previously, turbidity as low as 
9.2 NTU has been shown to have a significant effect upon feeding efficiencies (Zamor and 
Grossman, 2007). Therefore, it is conceivable that somewhere between 14.9 and 45.1 NTU, 
roach are completely inhibited from particulate feeding. It is possible, given the omnivorous 
diet of roach, that a change in feeding mode could have taken place. This is because 
feeding within highly turbid environments increases in energetic costs associated with both 
handling time and the digestion of food items (Power, 1984). Therefore, switching to a 
benthic feeding mode will become more efficient and roach can employ a range of olfactory 
and tactile cues to forage effectively in low light conditions (Bergman, 1988; Winfield and 
Nelson, 1991). Although both theories support the data, the change of feeding mode is likely 
to be the most plausible. This is because of two factors: 1.) roach are shown to adequately 
survive in environments of equal and higher turbidity levels than those used in these 
experiments (Davis, 1977) implying that roach need to adapt to these conditions, potentially 
through a change in feeding mode; and 2.) As the chironomid larvae used in these 
 119 
experiments were consistently in suspension throughout the experimental area, if a change 
to benthic feeding occurred, feeding efficiencies are likely to decrease irrespective of 
turbidity levels due to the relative positions of the roach (on the bottom) in relation to the prey 
items (in the water column) not coming into contact. However, it must be noted that no 
observations of roach heading for the bed in the search for food were witnessed from the 
video footage. 
4.5 Conclusion 
Ecosystem engineers have been shown to have numerous impacts upon aquatic 
ecosystems which scale as a function of behaviour, physical size and population density 
(Moore, 2006). These impacts range from the local scale causing alterations to the benthic 
habitat to regional scale with changes to the downstream fluxes of both sediment and 
nutrients (Moore, 2006). Interestingly, although it is well documented that bream can change 
ecological states in lake ecosystems (Tatrai et al., 1997; Williams, et al., 2002; Newcombe, 
2003; Scheffer et al., 2003; Persson & Svensson, 2006; Roozen et al., 2007; Søndergaard 
et al., 2008; Volta et al., 2013; Chapman, 2014) they are yet to be formally assessed as 
ecosystem engineers. 
The results presented here have extended the understanding from the previous Chapter 
where bream were shown to be zoogeomorphic agents and have revealed that bream are 
also ecosystem engineers through their foraging activity. 
 Experimental question 1a – Roach 
The preliminary experiments utilised roach as a study species to access how interspecific 
competition effected bream bioturbation. Initial experiments aimed to assess the 
zoogeomorphic effect of roach and contrary to previous work (Horppila and Kairesalo, 1992; 
Søndergaard et al., 1990; Persson and Hamrin, 1994; Tarvainen et al., 2002; Ian J Winfield 
et al., 2016; Dadi et al., 2017) did not increase turbidity through bioturbation. In all 
experiments turbidity levels never exceeded 2.5 NTU, which is within the measurement 
error. Although sediment compaction and/or macroinvertebrate burial depths could have 
influenced the low turbidity values, it is believed that as successful foraging was observed 
and little to no sediment was bioturbated that the results are accurate. Those studies which 
have identified roach as increasing suspended sediment have done so in cases where 
multiple species were present, and it is possible that they overrepresented their contribution 
of sediment suspension and underrepresenting others.  
Interestingly, although roach have been shown to be unable to increase the suspended 
sediment concentration, other studies have shown that they can increase the total 
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suspended solids through the promotion of phytoplankton growth by increasing phosphorus 
levels (Horppila and Kairesalo, 1990; Meijer et al., 1990b; Persson and Hamrin, 1994; 
Tarvainen et al., 2002). Subsequently, phytoplankton growth can increase turbidity and 
therefore, although roach cannot directly affect turbidity (as shown in these experiments), 
over a longer time scale, roach can indirectly influence the overall turbidity within a system.  
These results indicate that within a riverine system that roach will have a negligible effect 
upon the creation of suspended sediment and subsequent transport. 
 Experimental question 1b – Interspecific competition 
The interspecific experiments here extended our understanding of the drivers of bioturbation 
from the previous Chapter by investigating bream bioturbation in the presence of an 
additional species. Although interspecific competition has been documented amongst fish 
before (Pitcher et al., 1982; Street et al., 1984; Morgan and Godin, 1985; Pitcher, 1986; 
Pitcher et al., 1986), these experiments represent the first example whereby the process is 
quantified in terms of turbidity creation rather than prey captures or feeding efficiencies.  
Turbidity levels during the experiments increased with fish number with a notable increase in 
mean turbidity of 355% between the 2- and 3-fish experiments. Interestingly, this increase 
represented a rise of 56 NTU over the individual bream experiments from the previous 
Chapter (Chapter 3.3) under the same conditions. It is believed that the additional turbidity 
was caused solely by the bream because experiments with roach alone displayed no 
bioturbation and after video analysis of the experiments bream displayed a dominance 
behaviour towards the roach, whereby they were seen to usher the roach away from the 
feeding area. These results suggest that a strong interspecific effect is driving 
supplementary bioturbation and indicates potential ecosystem engineering amongst bream. 
This is because not only are the levels of turbidity significant enough to create environmental 
and ecological damage (Kemp et al., 2011) but the substantial difference between the 
experiments with and without a competitor indicate that bream are conscious to the 
presence of roach. These results are not surprising given that they support those from the 
lentic literature highlighting the environmental degradation caused by the foraging of benthic 
fish. However, the difference in total suspended sediment between the intra and interspecific 
experiments suggests that not only are bream conscious when an interspecific competitor is 
near, but the substantial increase in turbidity could be a controlled response representing a 
life strategy by degrading the surrounding environment to reduce the interspecific 
competition from roach. 
The results from these experiments are particularly important in the zoogeomorphic context 
outlined in the previous Chapter which presented bream as significant zoogeomorphic 
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agents (Chapter 3.3). Bream share the same ecological niche with roach and given that 
bream shoal in large numbers, which commonly include roach, this would indicate that the 
turbidity levels observed in the previous Chapter are significantly lower than in a natural 
setting. This substantial increase in both the suspended sediment and subsequent sediment 
transport could have greater effects over a longer spatial and temporal scale than previously 
thought. 
 Experimental question 2 – Roach feeding efficiency 
There have been prior experiments examining the effects of turbidity upon fish. However, the 
experiments here are the first known example examining the effect of fish induced turbidity 
upon an interspecific competitor. Using the 25th, 50th, 75th and 90th percentiles from the 
turbidity created during the interspecific experiments, feeding efficiencies in roach were 
shown to decrease with turbidity. Specifically, feeding efficiencies were shown to significantly 
decrease once the level of turbidity reached the 50th percentile (14.9 NTU) and then continue 
to decrease until no successful captures were seen from the 75th percentile onwards. 
Consequently, these experiments have, for the first time, shown that the turbidity created by 
fish can have detrimental effects upon other species, specifically feeding efficiency. 
Importantly, the first statistically significant effect on the feeding efficiency of roach was seen 
during the 50th percentile experiments with turbidity levels of 14.9 NTU. The turbidity levels 
here are slightly less than the mean turbidity recorded during the 2-fish interspecific 
experiments and significantly lower than the mean turbidity recorded during the three fish 
experiments. This indicates that when more than one bream is present, the level of turbidity 
created during foraging has a negative impact upon an interspecific competitor. Further, this 
negative effect increases with fish number as the mean turbidity of 3-fish during the 
interspecific experiments (76 NTU) is shown to reduce feeding efficiency to 0%. These 
findings are significant because they demonstrate that bream have the potential to degrade 
their environment to limit the level of resources available to competitors. Consequently, 
these findings along with those from the interspecific experiments, indicate that bream can 
act as ecosystem engineers through their ability to reduce food resource competition through 
the degradation of the surrounding environment towards interspecific competitors.  
Although turbidity was responsible for a reduction in feeding efficiency, it is unknown if this 
reduction was in response to a failure to detect food or change from particulate to benthic 
feeding given the reduction is visual clarity. Consequently, this work can be taken forward by 
repeating the experiments with an ARIS sonar which will allow video footage to be collected 
through the turbid conditions. This will allow for any behavioural changes to be seen. 
Further, this could be extended to the interspecific experiments to say for certain if the 
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bream were solely responsible for the turbidity levels by observing the roach behaviour 
under the turbid conditions.   
The experiments within this Chapter have extended the knowledge of bream as 
zoogeomorphic agents outlined in the previous chapter and have highlighted their 
importance as ecosystem engineers. Bream can have a profound effect on aquatic 
ecosystem through their bioturbation and it has been shown here that this effect is increased 
further in the presence of an interspecific competitor. Additionally, it is well known that 
turbidity can cause ecological and environmental harm within aquatic systems, but it has 
been shown here for the first time, that turbidity from fish bioturbation can also negatively 
affect other species, via feeding efficiency. These effects were seen with only two bream at 
low turbidity levels and were shown to increase with fish number. Consequently, given that 
bream commonly shoal in large numbers and their effects have been shown to scale with 
number, both their geomorphic and ecological impacts may be significant in nature. 
However, results from laboratory experiments are difficult to transfer to flowing water 
conditions. The energetic cost to bream rising and sustaining turbidity within a riverine 
environment to deter a potential competitor would be much greater than that within lentic 
waters giving the consistent requirement to dig. Therefore, unless the rate of bioturbation is 
a by-product of foraging and there is a large enough food resource to sustain it, the 
ecological effects will be significantly less than those seen in lakes. It is therefore clear that 
further work is required to validate these findings in the field by gaining a quantifiable level of 
suspended sediment within a bream-created sediment plume. With this data it would be 
possible to assess both the potential geomorphological and ecological impacts caused by 
bream bioturbation. 
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5 Do bream feeding pits have a geomorphic impact in rivers? 
5.1 Introduction  
The biological and ecological aspects of feeding behaviour amongst fish have been widely 
studied. However, there has been little consideration of the abiotic interaction of fish and 
sediment whilst feeding, and those studies that have looked at abiotic interactions still place 
an emphasis on the subsequent biotic consequences – for example bioturbation: Breukelaar 
et al., 1994; Jeppesen et al., 1998; Svensson et al., 1999. There is very little consideration of 
how fish change river-bed topography, even though fish feeding pits have been found in 
fossil records dating from the Devonian period – 419 million years ago (Risk, 1976) and 
many fish species interacting with river beds (Gerking, 1994). 
The interaction between fish and sediment is likely to be most significant amongst benthic 
fish, because they interact with the sediment each day whilst foraging. Interestingly, there 
has been a steady stream of research from marine scientists that has examined bed 
structures created by fish in intertidal, soft sediment areas. A review by Hall (1994) showed 
that many species of marine fish create substantial impressions in the sediment surface 
including: feeding traces in rays (Frey and Howard, 1969) and flat fish (Schäfer, 1972), 
resting depressions of skates, rays and flatfish (Cook, 1971), burrows from eelpouts 
(Stanley, 1971) and flatfish (Cook, 1971) and feeding pits by flounders (Paralichthys 
orbignyanus; Risk and Craig, 1976) and the New Zealand eagle ray (Myliobatis 
tenuicaudatus; Howard et al., 1977). Feeding pits have attracted particular attention in 
intertidal environments (Figure 5.1). 
The shape, size and densities of feeding pits vary between species. Risk and Craig (1976) 
found triangular-shaped, flatfish feeding pits in the Minas Basin - Nova Scotia, Canada, 
between 3-5 cm deep and 2-3 cm in diameter with an average pitting density of 20 pits per 
m2. Molina et al., (2017) found elliptical feeding pits produced by flatfish, 2 cm in depth with 
an average pitting density of 24 pits per m2. Areas of high feeding-pit densities have been 
suggested to be significant feeding grounds (Risk, 1976; Hall, 1994; Molina et al., 2017) and 
these could also represent potentially significant geomorphic features. It has been shown 
that fish feeding pits increase sedimentation due to a reduction in shear-stress (Risk, 1976; 
Nelson et al., 1987; Molina et al., 2017). This is caused by the feeding pits physically altering 
the turbulent characteristics of the water passing across the sediment-water interface by 
reducing the velocity when passing over and within the feeding pits (Nowell and Jumars, 
1984). Further, it has been shown that within individual feeding pits, the level of shear stress 
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in reduced causing increased residence time of suspended materials (Nowell and Jumars, 
1984; Abelson and Denny, 1997; Molina et al., 2017). 
 
Figure 5.1: Feeding pits of Micropogonias furnieri in the Bahia Blanca estuary. Plate A: 
feeding pit size relative to the average size of a Micropogonias furnieri; Plate B: An 
overview of the feeding pit extent; and Plate C: An individual pit characteristic with a 1 
cm scale (yellow line) – taken from Molina et al. 2017 
 
This has been highlighted in the field, for example, Molina et al. (2017) found that feeding of 
M. furnieri significantly modified sediment stability at the sediment-water interface by 
lowering the critical-shearing and frictional values increasing erosion rates. Their feeding 
also caused changes in the overall roughness of the bed and particle composition within the 
feeding pits. Additionally, pits also represent a significant volume of sediment transport 
where it has been calculated that the volume of sediment removed by bioturbation per unit of 
area was 200 cm3 m−2 (Molina et al. 2017). Similarly, Nelson et al. (1987) found large areas 
of California grey whale (Eschrichtius robustus) feeding pits in the Bering Shelf, Alaska, with 
an average size of 2.5 m x 1.5 m x 10 cm deep. These were noted to commonly enlarge by 
seasonal storm-related scour as a result of the increased bed roughness. They estimated 
that grey whales were responsible for the resuspension of 172,000,000 tons of sediment into 
the water column of the Bering Sea each season.  
In comparison to the marine literature, research into fish feeding pits within aquatic 
environments is severely lacking. This highlights a significant gap in our current 
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understanding of fish feeding pits and the possible effect upon hydraulic and sediment 
dynamics. This lack of research could be explained by the difficulty in sampling highly turbid 
environments with a consistent head of water in comparison to the intertidal zones where the 
estuarine beds are exposed daily for examination during the ebbing tide. While there has 
been considerable interest in the impact of redd building amongst salmonids (Kondolf et al., 
1993; Montgomery et al., 1996; Gottesfeld et al., 2008; Hassan et al., 2008) only a handful of 
studies have assessed the impact of benthic feeding on bed substrate. These have looked at 
the penetration depths achieved by feeding fish as a function of species and substrate type 
(Suietov, 1939), the efficiency of feeding at different sediment depths and in different 
sediment types (Lemmens et al. 1987 & Diehl, 1998) and the potential for feeding to affect 
sediment transport (Pledger et al., 2014, 2016, 2017). The morphological features that fish 
leave behind after feeding have received very little attention. Some qualitative 
measurements have been provided by Sibbing et al., (1994) and Scheffer (1997) who 
estimated that carp and bream feeding pits measured between 9-10 cm and 2-4 cm across 
respectively, although these were merely passing observations. Similar studies have simply 
noted the presence of pits (ten Winkel and Davids, 1985; Oldorff and Kirschey, 2017). For 
example, Oldorff & Kirschey (2017) examined the interaction between benthivorous fish and 
submerged vegetation using enclosures in a German lake and noted that benthic fish left 
feeding pits behind after feeding but did not explore these features further (Figure 5.2). 
Interestingly, similar feeding pits were found after the original bream feeding experiments in 
Chapter 3 where clear indentations can be seen in the experimental feeding tray (Figure 
5.3). These features are the result of benthic feeding, whereby the bream create a negative 
pressure inside the buccal cavity resulting in a suction force that draws both sediment and 
food particles into the mouth, leaving an indentation and thus a geomorphic structure in the 
bed (Gerking, 1994). 
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Figure 5.2: The disturbance of a lake bed created by different benthic fish after feeding. 
A: bream, B: carp and C: tench - Oldorff & Kirschey (2017). 
 
Figure 5.3: The result of bream feeding after an experiment from the first round of small 
bream feeding experiments. 
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However, the potential significance of these structures for river near-bed hydraulics and 
sediment transport has not been investigated. Consequently, for the first time, this Chapter 
will address this knowledge gap of fish feeding pits within aquatic environments. 
There are two specific aims of this Chapter:  
- To investigate the fundamental morphology and characteristics of bream feeding pits 
found within different aquatic environments; 
- To assess the potential hydraulic and geomorphic significance that these structures 
can cause within riverine environments. 
To evaluate these aims, two main questions will be considered: 
1. Feeding pit characteristics - What are the morphological and density 
characteristics of feeding pits found in rivers and do they differ from those found in 
other aquatic environments, specifically drains and Broads?   
This will be achieved through surveying bream feeding pits in different types of 
aquatic waterbodies and obtaining imagery to assess their characteristics and 
densities in addition to provide estimations for sediment moved by bream. 
Differences might be anticipated as a function of differences in flow and sediment 
regimes across these environments. 
2. Feeding pits as relevant hydraulic structures - Can feeding pits cause changes to 
the hydraulic and turbulent characteristics of flows within rivers?  
This will be achieved through replicating the riverine morphological feeding pit data 
and creating a scaled ex-situ model to measure the effects of feeding pits on near-
bed hydraulics in an experimental flume.  
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5.2 Methodology 
 Experimental question 1 – Feeding pit characteristics 
Many fish that produce feeding pits live in lowland, fine sediment environments, which 
makes observations and measurements difficult, primarily because of turbidity. However, 
recent advances in sonar technology within the fisheries sector permit the collection of video 
imagery through turbid water (Soundmetrics, 2018). Here, a sonar imaging system is used to 
examine the spatial distribution and characteristics of bream feeding pits. This sonar system 
transmits sound waves and the returning echoes are converted into digital images even in 
zero visibility conditions. Unlike conventional underwater cameras, the sonar does not 
require light to produce an image and the sound waves travel around the suspended 
particles that would normally block or scatter light (Soundmetrics, 2018). These imaging 
systems have been successfully used in numerous fisheries studies, for example: to track 
fish caught in trawls (Handegard and Williams, 2008), to count and size fish (Han et al., 
2009; Burwen et al., 2010), to assess the migration of fish (Burwen et al., 2007; Petreman et 
al., 2014), to examine fish behaviour (Kupilik and Petersen, 2014) and to assess the 
efficiency of fish passes (McDougall and Lozori, 2018).  
Study sites 
Observations of feeding pits were made in several rivers, canals and Broads in eastern 
England (Table 1). Due to the novelty of this research, a provisional list of site locations was 
drawn together based upon known watercourses that contained bream using the 
Environment Agency National Fish Populations Database (NFPD) and known feeding pit 
sites using expert knowledge. This list was then streamlined based upon waterbody type and 
geographical location. In total, six field sites were examined (Table 5.1 and Figure 5.4).  
Table 5.1: List of field sites used to examine bream feeding pits. 
Waterbody name Waterbody type Location 
National Grid 
Reference (NGR) 
River Welland River Crowland, Lincolnshire TF 22935 10623 
River Witham River Tattershall, Lincolnshire TF 19630 56314 
South Holland Main 
Drain 
Drain 
(drains into the river Nene) 
Sutton St James, Lincolnshire TF 40612 19719 
Sincil Dyke 
Dyke 
(drains into the River Witham) 
Bardney, Lincolnshire TF 09938 70285 
Hoveton Broad 
Broad 
(connected to the river Bure) 
Norfolk Broads TG 31813 16305 
Salhouse Broad 
Broad 
(connected to the river Bure) 
Norfolk Broads TG 31888 15719 
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Figure 5.4: Location of the six field sites used to examine the significance of bream 
feeding pits. NB: the two sites at the Norfolk Broads are represented by one pin due to 
their proximity. 
River Welland 
The River Welland is a lowland river situated in the East Midlands of England. Its source is 
located in Northamptonshire where it flows easterly for 105 km until it reaches the Wash. It 
has a total catchment area of 1580 km2 and is fed by five tributaries (Eye Brook, River 
Chater, River Gwash, River Glen, River Jordan). Along its course the underlying geology 
changes from Lias clays in the headwaters, to Lincolnshire limestone in the middle reaches 
and finally alluvial soils in the lowland areas. The lowland section of the main river is heavily 
modified primarily through being canalised (Figure 5.5). It has surrounding high 
embankments on either side to help prevent flooding given that much of the surrounding 
land is below sea level. 
At the field site near Crowland, the channel varies in width between 30 and 40 m and is 
between 1.8 – 2.0 m deep. It is situated 16 km upstream from the tidal limit at Spalding and 
is representative of the lowland reaches of the River Welland (Figure 5.5). Unfortunately, 
flow data for the River Welland is limited and consequently, the closest gauging station is 
located 15 km upstream at Tallington (NRG - TF0955307738; Figure 5.7). As the River 
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Welland at this point is split into three arms (Lolham Mill stream, West Deeping, and the 
River Welland), the Tallington flow records represent the total flow of each arm. The 
Tallington total has a mean daily flow of 3.7 m3/s with a 95% Exceedance (Q95) of 0.46 
m3/s, 50% Exceedance (Q50) of 1.92 m3/s and 5% Exceedance (Q5) of 13.1 m3/s.  
 
Figure 5.5: A photo of the River Welland downstream of Crowland taken before an ARIS 
feeding pit survey. 
 
River Witham  
The River Witham is a lowland river situated in Lincolnshire, England. The River Witham 
flows for a total of 132 km from its source in South Witham to its mouth at the Heaven - an 
arm of the Wash where it is tidal for 11 km. It drains a total basin of 3817 km2 and is fed by 
22 tributaries consisting primarily of drains from the surrounding, reclaimed land. The 
underlying geology of the River Witham consists of Lincolnshire limestone in the upper and 
middle reaches and alluvial soils in the lowland areas. It has a long history of engineering 
works and is heavily canalised for both flood prevention and navigation. 
The field site is located 2 km south-west of Tattershall and is approximately halfway between 
Lincoln and Boston (Figure 5.6). Here, the River Witham varies in width and depth between 
from 35 to 45 m and 1.5 to 3 m, respectively. As with the River Welland, flow data is limited 
within the lowland reaches of the River Witham and consequently the data is comprised by 
summing the two arms of the River Witham (North Hykeham (NGR - SK9603667222) and 
Fossdyke (NGR - SK9694371327)) to calculate the relative flow of the River Witham south of 
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Lincoln (Figure 5.7). The mean daily flow for the past 10 years here is 3.43 m3/s, however, 
percentage exceedance data is not available from these gauging stations. 
 
Figure 5.6: A photo of the River Witham downstream of Tattershall bridge taken before an 
ARIS feeding pit survey. 
 
 
Figure 5.7: Daily mean flow data for the past 10 years at the lowland River Witham and River 
Welland. 
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South Holland Main Drain 
South Holland Drain is a drainage system located in Lincolnshire, England. It is operated by 
the South Holland Internal Drainage Board (IDB) and drains a total catchment area of 384.4 
km2 comprising primarily of agricultural land. The drain complex is bounded by the River 
Welland to the west and the River Nene to the east and the surrounding land ranges 
between + 2.15 metres and 3.05 metres O.D.N. The main drain is a substantial waterbody 
23 km long and varies in width and depth by 20 - 25 m and 1.2 - 1.8 m. The drain feeds into 
the river Nene to the east which last feeds into The Wash. The study site is situated directly 
due north of Sutton St James and is representative of the rest of the main drain (Figure 5.8). 
Unfortunately, no flow or discharge data is available for this drain as it is gravity fed and 
operated through a series of manual gates.  
 
Figure 5.8: A photo of South Holland Drain at Sutton St James taken before an ARIS 
feeding pit survey. 
 
Sincil Dyke 
Sincil Dyke is a man-made waterbody built primarily to alleviate the flood risk to homes in the 
city of Lincoln. It flows north from Lincoln until it reaches the River Witham where it is 
diverted east and runs parallel to the river, ultimately joining the river at a confluence near 
Bardney, Lincolnshire.  Sincil Dyke is heavily engineered throughout its course. At its origin 
within the city of Lincoln, it has high concrete banks, an average width of 5 m and depth of 
between 0.15 and 0.6 m. These constraints change once its course runs in parallel with the 
River Witham where high embankments replace the concreate banks and the channel width 
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and depth increase to approximately 15 m and 1.5 – 2 m respectively. This increase in 
channel capacity is to cope with additional water from the surrounding agricultural land being 
drained into the dyke.  
Flow data has been obtained from Sincil Dyke approximately 5 km upstream of the survey 
site at Sewells, Lincoln (Figure 5.9). The mean daily flow for the past 10 years here is 1.38 
m3/s and is less flashy that those seen in the riverine environments. However, percentage 
exceedance data is not available from these gauging stations. 
 
Figure 5.9: Daily mean flow data for the past seven years at Sincil Dyke, Lincolnshire. 
 
The study site is located south-east of Lincoln, Lincolnshire, approximately 700 m north of 
the confluence between the River Witham, the old River Witham and Sincil Dyke (Figure 
5.10). Here the dyke is relatively homogenous in morphology apart from a row of 
overhanging trees which line the far bank until the confluence. These trees represent the 
only instream habitat available to fish all year round.  
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Figure 5.10: A photo of Sincil Dyke north of Bardney Bridge taken before an ARIS feeding 
pit survey. 
 
Hoveton Broad and Salhouse Broad 
Hoveton Broad and Salhouse Broad are situated in the Norfolk Broads in the lower Bure 
valley downstream of Wroxham, England. They both have active connections to the River 
Bure at multiple points and are 0.37 and 0.13 km2, respectively (Figure 5.11). The Norfolk 
Broads are man-made lakes created from historic peat (Hoveton) and sand/gravel 
(Salhouse) excavation which have subsequently filled after flooding from the adjacent river. 
These Broads are subject to heavy sedimentation and are therefore uniformly shallow, with a 
mean depth of 1 m. The Broad system is protected under numerous legislative designations: 
Bure Broads and Marshes SSSI, The Broads SAC, Broadland SPA & Ramsar, and Bure 
Marshes NNR owing to their morphological and ecological significance. Surveys on each 
Broad encompassed all the waterbody by carrying out numerous transects. Although these 
waterbodies are connected to the River Brue, they are not subject to the same flow regimes. 
These Broads only exhibit very low flows during times when the River Brue floods and 
outside of this, these Broads are not subjected to a natural flow regime.  
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Figure 5.11: A photo of Salhouse Broad (left) and Hoveton Broad (right), running adjacent 
to both banks the River Brue. Source: Land Water, 2018 –  https://www.land-
water.co.uk/img/case-studies/hoveton-3.jpg.  
 
Data collection 
The six study sites were surveyed to gather data on individual feeding pit geometry and 
densities. All sites were surveyed by completing multiple 1 km transects either up and/or 
downstream to locate feeding pits. The feeding pits were located using a Humminbird SOLIX 
15 CHIRP MEGA SI GPS side- and down-ward imaging sonar, which provided real-time 
images of bathymetry and bed topography. Once located, high resolution data of individual 
feeding pit characteristics were gathered by deploying an Adaptive Resolution Imaging 
Sonar (ARIS) Explorer 3000 which uses 128 beams operating at 3.0 MHz to provide high-
definition video up to a distance of 15 m (Figure 5.12). Although the Humminbird sonar 
allowed for the detection of feeding pits, it does not possess the post-processing ability that 
the ARIS provides. However, it does allow for quicker detection as it processes images at a 
faster boat speed than the ARIS at 10 and 1-2 km h-1 respectively. An example of 
complementary Humminbird and ARIS sonar videography are exhibited in Figure 5.13.  
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Figure 5.12: The working sonar boat set-up used to examine bream feeding pits. The 
Humminbird sonar is located at the stern providing side imagery of the bed and the ARIS 
sonar is located at the bow of the boat on a mechanical arm. Feeding pits were located 
using the Humminbird sonar and surveyed using the ARIS sonar. 
 
 
Figure 5.13: An example of a large shoal of bream captured during the survey of the 
River Welland using both the Humminbird (left) and ARIS sonars (right). Note the high 
density of feeding pits within natural depression in the riverbed as shown on the left. 
 
The complementary ARIS footage for the Norfolk Broads was provided by the Environment 
Agency. This data was gathered during fish population surveys and followed an almost 
identical methodology by surveying the waterbody from a boat along transects. However, the 
transects were smaller due to the size of the respective Broads. 
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The ARIS footage was stored directly onto a hard drive for post processing using the 
corresponding software – ARISFish. This software is designed for measuring and counting 
fish. It allows the user to measure individual fish relative to a pre-set 1 m2 gridding display 
that automatically adjusts, maintaining a 1 m2 grid regardless of the level of zoom and the 
relative distance away from the sonar. Although this was designed for measuring and 
counting fish, the software can measure any object recorded as the lengths of objects are 
calculated by measuring the distance between two user defined arbitrary points. 
Consequently, this software can be used to measure feeding pits at high accuracy and 
provide numerous density calculations at a 1 m2 resolution. This software was therefore 
used to gather the primary data on feeding pit geometry and densities used throughout this 
question. 
In total 1000 individual feeding pits were analysed from each waterbody to provide both 
length and width measurements. Unfortunately, ARISFish can only measure distances in a 
two-dimensional plane, and consequently, the depth of the individual feeding pits could not 
be measured. Feeding pit densities were also calculated by utilising the dynamic 1 m2 grid 
within ARISFish. However, due to the spatial differences in feeding pit distribution within 
each waterbody, the total number of calculated feeding density grids differed between each 
site but a minimum of 10 per study site were analysed.  
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 Experimental question 2 – Feeding pits as relevant hydraulic structures 
To assess the potential effect of bream feeding pits on near bed hydraulic characteristics, a 
series of flume experiments were devised. A classical “reductionist” approach was applied 
whereby scaled versions of idealised feeding pits were recreated on a mouldable bed, at a 
range of densities across a range of flow conditions. It was not feasible to use bream to 
create feeding pits in fine sediments within the flume because of husbandry concerns, the 
desire to maintain clear water and the difficulty of controlling pit density and distribution. 
Artificial feeding pits were therefore created allowing spatial and temporal replication.  
Surrogate bed 
It was not appropriate to build the bed using natural fluvial substrate because structures 
would be washed away and cause high turbidity levels in the flume. A surrogate material 
was sought that had to satisfy two criteria: 1) be sufficiently malleable to allow feeding pit 
impressions to be cast and reset, and 2) be sufficiently resilient to maintain the structures 
throughout each experiment. Modelling clay was found to be appropriate.  
Feeding pits 
It was originally intended to model pits on those created during the bream experiments 
reported in Chapter 3. (Figure 5.3). Pits created amongst the fine sediment collapsed if water 
levels in the experimental tanks were drawn down, so measurements could not be made 
except through the water and any physical disturbance was likely to also cause a change in 
morphology. Structure from Motion (SfM) photogrammetry was therefore used to obtain pit 
geometry. SfM uses multiple 2D images and renders them into a 3D Digital Elevation Model 
(DEM; Figure 5.14). Unfortunately, due to the sediment compaction issues discussed in 
Chapter 3.4.4, the pit impressions from the lab were less than those surveyed in the wild 
with the ARIS camera. Subsequent fieldwork attempted to replicate the same SfM 
methodology in the field but due to poor lighting and turbidity, a reliable DEM could not be 
constructed.  
Pits were therefore modelled as an idealised shape from the feeding pit dimensions obtained 
during the feeding pit characteristics fieldwork, as described above. Data from the Welland 
and Witham were combined and used to calculate mean feeding pit geometry (length = 9 
cm, width = 6.2 cm). Because depth could not be ascertained directly from the ARISFish 
software, it was estimated from the known digging depth of bream (depth = 4 cm; Suietov, 
1939).  This estimate was consistent with the size of acoustic shadows cast into the feeding 
pits by the ARIS. An inverted ellipsoid with a hollow hemisphere base was chosen as the 
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shape of this idealised pit as this was consistent with the majority of the feeding pits 
surveyed across all field sites and those observed in the lab (Figure 5.3). 
 
Figure 5.14: An example of utilising Structure from motion (SfM) to create a 3D model of 
a mock feeding pit. A: a selection of 4 photos out of 45 that were taken to be processed 
within SfM. B: The 3D representable model of the photos produced by SfM which can be 
used to produce a 3D model.  
 
A scaled mould was made of this idealised pit and in turn a cast was made using waterproof 
quick drying cement that could be pushed into the modelling clay bed of the flume to 
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recreate an imprint of the pit. This single artificial pit was used throughout the flume 
experiments to set impressions into the surrogate bed. 
Model parameters 
The flume experiments were conducted in a glass-sided tilting flume in the Loughborough 
River Science Laboratory (8 m long x 0.6 m wide x 0.6 m deep) and were scaled 
approximately to the Rivers Witham and Welland. Average water depth and velocity values 
were ascertained from the combined River Witham and River Welland ARIS survey datasets 
with values of 1.8 m and 0.10 m s-1 respectively.  Scaling experiments is common in 
hydraulic experiments. Mechanical similarities must be applied to provide relevant force 
ratios in the physical model (Frostick et al., 2014). Either Froude similarity or Reynolds 
similarity is typically used to do this, depending upon the experimental constraints. For 
example, Froude scaling (Equation 1) is commonly the primary similitude criterion for models 
of fixed bed open channel flows where gravity and inertial forces are dominant, whereas 
Reynolds scaling  is chosen where viscous and inertial forces are dominant in a model. As 
the experiments here are based within an open channel with a fixed bed, Froude similarity 
was chosen over Reynold similarity and scaling ratios were used to derive the experimental 
scaling factors from the field measurements (Table 5.2). 
!" = 	 %&'(ℎ& = %*'(ℎ* 
Equation 1: Froude similarity equation for scaling velocities for hydraulic experiments 
where U is the velocity, g is the acceleration due to gravity, h is water depth and m and p 
are the modelled and prototype (field) variables respectively. 
 
These scaled values were calculated by using Froude similarity (Equation 1) whereby 
geometric ratios were calculated based upon the model restrictions. Here, water depth was 
limited to 30 cm due to the flume constraints, therefore given the average field water depth 
of 180 cm, the scaling ratio was calculated by dividing the field water depths to the model 
water depths providing a scaling ratio of 6. This ratio can then be used with all other 
geometric parameters within the model (feeding pit length, width and depth) by dividing their 
respective measurements by the scaling factor (i.e. feeding pit length = 5.1 / 6 = 0.85). 
Finally, to calculate the scaled velocity value for the model, the Froude similarity equation 
(Equation 1) is used whereby it is rearranged to applying the geometric ratio. As gravity will 
remain consistent between both the field and model, firstly the equation can be simplified to: 
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%&'ℎ& = %*'ℎ* 
It can then be rearranged to calculate the ratio for velocity based upon the previous 
geometric ratio whereby:  
%+ = √ℎ+ 
Here the velocity ratio (%+) is the square root of geometric ratio (√ℎ+) which equals 2.449 
(3dp). This ratio can then be applied to the field velocity of 10 cm/s-1 which provides a model 
value of 4.08 cm/sec-1. 
Table 5.2: The experimental feeding pit parameters measured in-situ and the scaled 
values by using Froude similarity. 
Model parameters In-situ measurements Model scaled values 
Water depth (cm) 180 30 
Velocity (cm/s-1) 10 4.08 
Feeding pit length (cm) 5.1 0.85 
Feeding pit width (cm) 6.8 1.13 
Feeding pit depth (cm) 4 0.67 
  
Experimental set up 
Within the flume, the experimental area was located 5 m downstream of the inlet and 
contained the surrogate bed across a total area of 1 m2 (1.67 m x 0.6 m). Sediment 
roughness boards were added along the upstream section of the flume to promote turbulent 
mixing and produce a realistic flow over the experimental area. The experimental area was 
sufficiently far upstream of the outfall to account for potential hydraulic disturbance due to 
draw down effects.  
Different feeding pit densities were examined, with pit density values characteristic of the 
Welland and Witham (Table 5.3). The riverine sites were chosen as they represent the 
environments where the feeding pits will be subjected to the greatest hydraulic stress and 
thus suggest that within these environments, feeding pits have the greatest potential to be 
significant geomorphic structures.   
Feeding pits were imprinted into the bed using the feeding pit cast (Figure 5.15). The 
placement of the pits was randomised by using a random number generator to provide X 
and Y coordinates. Further, because the orientation of the feeding pits in the field did not 
display a preference towards either positive or negative rheotaxis, their orientation was also 
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randomised by again using a random number generator to provide a relative angle from 0 – 
359o. 
Table 5.3: Experimental feeding pit densities expressed as count per unit area (pits per 
m2) used within the flume experiments to measure their geomorphic significance upon 
hydraulics. These pits were scaled to account for an increased experimental area in 
relation to the model. 
Density groups Observed riverine densities Experimental densities 
Control 0 0 
Minimum 2 12 
25th percentile 25 150 
50th percentile 50 300 
75th percentile 62 372 
Maximum 92 552 
 
After each experiment, the surrogate bed was reset by rerolling the bed to remove the cast 
feeding pits. If any casts remained, additional modelling clay was added, and the bed was 
rerolled back to its original base. The addition of new clay sometimes required use of clay 
with a new colour. Feeding pits were then reinstated using the randomised method above. 
 143 
 
Figure 5.15: Experimental feeding pit densities taken from each experimental group 
before an experiment. NB: the different colours are a result of the resetting the bed 
between each experiment as outlined above. 
 
The experimental hydraulics (as a measure of velocity) were measured over the bed using 
an Acoustic Doppler Velocimeter (ADV) installed within the experimental area. An ADV 
accurately records velocities at a single point by emitting an acoustic pulse which reflects off 
particles in a remote sampling volume (Goring and Nikora, 2002). The acoustic reflections 
are detected by receivers on the ADV which utilises the doppler shift (Equation 2) to convert 
the acoustic back scatter into a measurement for velocity (Equation 3). 
-. = 	−2-1 2345 
Equation 2: Doppler shift equation 
Where -. is the doppler shift; -1 is the frequency transmitted sound; 3 is the velocity of the 
source relative to the receiver; and 4 is the speed of sound. This can be rearranged to 
calculate velocity (3): 
3 = 	−4-.2-1  
Equation 3: Doppler shift equation rearranged to calculate velocity (3) 
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To gain these detailed hydraulic measurements, an ADV was installed within the 
experimental area, positioned at the 1.25 m mark on the surrogate bed (Figure 5.16). This 
placement represents the three-quarter point of the surrogate bed and allows for the 
hydraulic properties to establish over the surrogate bed and not to be potentially influenced 
by any hydraulics downstream of the experimental area where the surrogate bed ended. The 
ADV was mounted on an adjustable unit that allowed the collection of flow profiles at the 
users desired depth. For these experiments, hydraulic measurements were taken at 1 cm 
increments between 0-9 cm and then at 4 cm increments between 10–26 cm. This change in 
incremental water depth measurements was to capture the higher hydraulic disturbance at 
the bed in comparison to the upper layers of the water column. For these experiments, the 
ADV was calibrated to sample at a rate of 100 Hz with a sampling interval of 0.010 sec 
within a nominal velocity range of ± 0.10 m/s for 5 minutes. This provided 30,000 sample 
points for each experiment. This was chosen as it would provide the most accurate reflection 
of the potential changes in hydraulics given the experimental constraints and allowed 
enough time to capture any variability within the dataset. In total, 30 runs providing velocity 
time series data for each of the 15 vertical positions in a single profile were recorded and 
repeated 5 times for each of the 6 pit-density treatments. 
 
Figure 5.16: An example of the hydraulic experiments during an experimental repeat of 
the 75% percentile feeding pit densities. Note the relative position of the ADV in relation 
to the surrogate bed. 
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 Data analysis 
Experimental question 1 – Feeding pit characteristics 
Bream feeding pits characteristics (length and width) were transformed into surface area to 
overcome differences in the orientation of the images which made consistent identification of 
width and depth difficult.  The surface area of 1000 bream feeding pits and 75 feeding pit 
density measurements from each of the six-survey sites were calculated and analysed using 
a linear model to examine the statistical differences in feeding pit morphological 
characteristics and feeding pit densities between survey sites and environment types. 
Residual versus fitted values were plotted to examine homogeneity of variances and 
Quantile-Quantile (QQ) plots and a Shapiro-Wilk tests were inspected and tested, 
respectively, to evaluate normality. The combined feeding pit dataset did not fit a standard 
normal distribution and attempts to transform the data by altering the model structure to 
conform to a normal distribution failed. Consequently, a Kruskal–Wallis test (non-parametric 
one-way ANOVA) was performed between each independent variable (site and environment 
type) and the dependent variables (feeding pit surface area and feeding pit densities), with 
Nemenyi post-hoc comparisons to identify significantly different pairings (p < 0.05). The 
Kruskal–Wallis test was chosen as it extends the Mann–Whitney U test to allow comparisons 
between two or more groups of independent samples. 
Experimental question 2 – Feeding pits as relevant hydraulic structures 
ADVs are subject to inherent errors primarily from the Doppler noise floor (Nikora and 
Goring, 1998) and the spikes caused by aliasing of the Doppler signal—the phase shift 
between the outgoing and incoming pulse (Goring and Nikora, 2002). Consequently, the 
dataset requires de-spiking to remove and replace the erroneous values created by the 
ADV. To do this, ADV data post processing is required by using the WinADV software 
(Version 2.031). WinADV allows the user to view, review, and process ADV data to remove 
any erroneous points from the timeseries. For the dataset collected during the experiments, 
WinADV was used to locate spikes and then interpolate across the event using a polynomial 
model as suggested by Goring and Nikora (2002). 
Mean velocity was calculated for each orthogonal component (streamwise, cross-stream, 
vertical; u, v and w; Figure 5.17) of the time series (n = 30 000) obtained at each elevation 
position (n=15), for each replicate (n=5), in each experiment (n=6 density treatments). This 
dataset was analysed to examine the effects of density treatment and vertical position (for 
five replications) on mean velocity components. 
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Figure 5.17: A graphical representation of which directional measurement is being taken 
for each orthogonal velocity. 
 
Residual versus fitted values were plotted to examine homogeneity of variances and 
Quantile-Quantile (QQ) plots and a Shapiro-Wilk test confirmed that the data were normally 
distributed. Consequently, ANOVA was performed for each independent variable (feeding pit 
density and vertical measurement position) and each dependent variable (mean velocities u, 
v and w), with a Tukey HSD (Honest Significant Difference) post- hoc test to identify 
significant differences for the independent variables (p < 0.05). 
To evaluate changes in turbulence created by feeding pits, Turbulent Kinetic Energy (TKE) 
was calculated for each vertical position of the 30 velocity profiles (6 density treatments x 5 
replicates). TKE is a quantitative measurement of turbulence expressed as the average 
kinetic energy per unit mass associated with turbulent flows and is a useful single measure 
of turbulence intensity. 
TKE is expressed as: 
678 = 12:	(31)=>>>>>> +	(@1)=>>>>>>> +	(A1)=>>>>>>>>) 
Where: r = water density 
 u (x) = Streamwise velocity v (y) = cross-stream velocity w (z) = vertical velocity 
 31 = 	 E̅ − 	E 
and 
(E1)=>>>>>> = 	G∑(E̅ −	E)=I  
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Values for TKE were established for each experimental density (n=6 densities x 5 replicates) 
and each measurement height (n=15) to provide 450 individual measurements. Following 
appropriate testing for normality, water depth was logarithmically transformed to account for 
normality and subsequently this dataset was analysed to evaluate differences in TKE 
associated with feeding pit density and measurement elevation, using ANOVA and post-hoc 
tests as above. 
All visualisations and statistical analyses were completed in R 3.3.2 using RStudio Version 
1.0.136 (RStudio, 2016), and relationships were considered significant at P values < 0.05.  
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5.3 Results 
Comprehensive surveys for fish feeding pits were successfully completed at all of the six 
study sites. Video footage from these surveys was gathered and analysed ex-situ to provide 
the first example of large-scale fish feeding pit surveys and key morphological 
characteristics. 
 Experimental question 1 – Feeding pit characteristics 
Feeding pits varied between the different aquatic environments in both their individual size 
and their spatial distribution. Pits within both the riverine and drainage environments were 
similar in size (Figure 5.18 and Figure 5.19), whereas those found in the Norfolk Broads 
were notably larger (Figure 5.20). As with size, the individual feeding pit morphologies were 
similar across the riverine and drainage sites tending to have an ellipsoid shape. However, 
the pits within the Norfolk Broads were evidently larger. Numerous ‘super pits’ were also 
observed within the Norfolk Broads where multiple overlapping feeding pits created a large 
feeding pit altering the characteristic ellipsoid morphology in the process (see the red circle 
in Figure 5.20 for an example of a ‘super pit’). Although, feeding pit overlap was also 
observed in both the riverine and drainage sites, it was not apparent to the same extent as in 
the Norfolk Broads. 
 
Figure 5.18: ARIS survey footage from the River Welland (left) and the River Witham 
(right). 
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Figure 5.19: ARIS survey footage from South Holland Drain (left) and Sincil Dyke (right). 
 
 
Figure 5.20: ARIS survey footage from Hoveton Broad (left) and Salhouse Broad (right) 
with an example of a ‘super pit’ highlighted within the red circle.  
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Feeding pit morphology 
A total of 6000 individual feeding pits were analysed across the six sites. Quantitative 
analysis confirmed that there were significant differences both within and between 
environment types (river, drain, Broad) (Table 5.4). 
Table 5.4: Summary descriptive statistics of the calculated fish feeding pit areas. 
  n Min (cm2) 
Median 
(cm2) 
Max 
(cm2) 
Mean 
(cm2) 
Std. 
Deviation 
(cm2) 
Std. 
Error 
(cm2) 
95th 
percentile 
confidence 
limits 
Variance 
(cm2) Kurtosis Skewness 
River 
Welland 1000 5 43 189 43.49 28.54 0.90 1.77 813.44 2.69 1.15 
River 
Witham 1000 3 52 130 51.92 33.92 1.07 2.10 1149.13 -0.89 0.25 
South 
Holland 
Drain 
1000 3 35 138 53.22 41.17 1.30 2.55 1693.04 -1.36 0.44 
Sincil Dyke 1000 3 55 174 67.27 50.08 1.58 3.10 2505.83 -1.39 0.29 
Hoveton 
Broad 1000 52 358 752 352.06 179.01 5.66 11.09 32011.63 -0.87 0.07 
Salhouse 
Broad 1000 25 287 674 276.25 177.15 5.60 10.98 31349.84 -1.17 0.13 
Differences were apparent in the shape of the sample distributions for the two examples 
from river environments (kurtosis and skewness) and in the mean values for the two drain 
sites.  However, the most noteworthy difference is in the mean size of pits at the two Norfolk 
Broad sites. The mean feeding pit area for Hoveton and Salhouse Broads are 352.06 and 
276.25 cm2 respectively, which when averaged represents 6.6 and 5.2 times increase over 
the riverine and drainage sites respectively (Figure 5.21). 
Results from the Kruskal-Wallis analysis confirmed statistically significant differences 
between pit morphology and survey sites with a chi-squared value of 2930.3, degrees of 
freedom (df) = 5 and consequent p-value of p = < 0.001. Post-hoc analysis highlighted 
where these statistical differences were found (Table 5.5). The overall results from the 
Nemenyi analysis displayed very strong statistical differences between feeding pit area and 
survey sites. Heterogeneity was less between the two riverine sites (River Welland and River 
Witham) with a lesser level of significance (p = < 0.05) implying that riverine sites, although 
statically different, share the most similar morphological characterises between environment 
type. 
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Figure 5.21: Box plot displaying the differences in feeding pit morphology between the 
different survey sites. The box plot shows median values (solid horizontal line), 50th 
percentile values (box outline), and 90th percentile values (whiskers). 
 
Only a slight significance was found between South Holland Drain and the River Welland (p 
= < 0.05) whereas no significance was found between South Holland Drain and the River 
Witham. These results indicate that the feeding pit morphology in South Holland Drain is 
more closely related to that found in rivers than that of the other drain surveyed (Sincil 
Dyke). All other sites were shown to be significant from each other (p = < 0.001). 
Table 5.5: Results from the Nemenyi post hoc analysis between feeding pit area and 
survey site. P values have been rounded to 3dp and are represented by symbology and 
colours whereby: *** & green = < 0.001, ** & orange = < 0.01 and * & yellow = < 0.05 
 River 
Welland 
River 
Witham 
Sincil 
Dyke 
South 
Holland 
Drain 
Hoveton 
Broad 
Salhouse 
Broad 
River 
Welland 
 * *** * *** *** 
River 
Witham * 
 *** 1 *** *** 
Sincil 
Dyke *** *** 
 *** *** *** 
South 
Holland 
Drain 
* 1 ***  *** *** 
Hoveton 
Broad *** *** *** *** 
 *** 
Salhouse 
Broad *** *** *** *** *** 
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Box plots show there is very little deviation between the median values for the two riverine 
and drainage sites but that there are notable differences between some percentile values 
(Figure 5.21). Most notably, they present the stark contrast in feeding pit morphology 
between the Norfolk Broad sites and all other sites surveyed, particuarly that the feedings 
pits within the Broads are significantly larger than those surveyed in both the riverine and 
drainage environments.  
The data was analysed further by grouping sites into their respective environment type, i.e. 
rivers, drains and Broads to examine if there is a statistical difference between feeding pit 
morphology and the different environment types. Results from the Kruskal-Wallis analysis 
displayed statistically significant differences between environmental type with a chi-squared 
value of 2840.5, degrees of freedom (df) = 2 and consequent p-value of p = < 0.001. 
Subsequent Nemenyi post hoc analysis of the environment typing showed that each 
environment type is significantly different from each other (p = < 0.001; Table 5.6; Figure 
5.22).  
Table 5.6: Results from the Nemenyi post hoc analysis between feeding pit area and 
environment typing. P values have been rounded to 3dp and are represented by 
symbology and colours whereby: *** & green = < 0.001, ** & orange = < 0.01 and * & 
yellow = < 0.05 
 River Drain Broad 
River  *** *** 
Drain ***  *** 
Broad *** ***  
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Figure 5.22: Box plot displaying the differences in feeding pit morphology between the 
different environment types. The box plot shows median values (solid horizontal line), 
50th percentile values (box outline), and 90th percentile values (whiskers). 
 
Feeding pit densities 
Survey footage showed apparent differences in feeding pit density between aquatic 
environments. Feeding pit density varies substantially within all survey sites, with large areas 
devoid of any feeding pits and smaller areas containing high concentrations of feeding pits 
(Figure 5.23). Patches of high feeding pit densities were concentrated into sections of each 
survey and contained higher quantities of ‘super pits’, particularly within the Norfolk Broad 
sites. 
75 feeding pit densities were calculated per site and summary descriptive statistics can be 
found in Table 5.7. The minimum and maximum densities are similar between survey sites, 
but mean and median values differ:  pit densities at the Norfolk Broads sites are appreciably 
lower than those recorded in the riverine and drain sites (Figure 5.24). This trend is also 
shown amongst the skewness of the dataset where Hoveton and Salhouse Broads are the 
only positive skewed datasets amongst all of the survey sites. 
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Figure 5.23: Examples of spatial variations in pitting densities observed during the South 
Holland Drain survey where the top, middle and bottom pictures display low, moderate 
high feeding pit densities respectively.  
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Table 5.7: Summary descriptive statistics for feeding pit densities (number of pits per 
m2). 
  n Min (m2) 
Median 
(m2) 
Maximum 
(m2) 
Mean 
(m2) 
Std. 
Deviation 
(m2) 
Std. 
Error 
(m2) 
95th 
percentile 
confidence 
limits 
Variance 
(m2) Kurtosis Skewness 
River 
Welland 75 2 43 88 42.67 22.28 2.57 5.04 489.58 -0.58 -0.01 
River 
Witham 75 4 54 92 50.19 24.96 2.88 5.65 614.47 -0.94 -0.20 
South 
Holland 
Drain 
75 3 53 87 48.32 19.55 2.26 4.42 377.02 -0.28 -0.66 
Sincil 
Dyke 75 3 49 79 44.75 21.64 2.50 4.90 462.08 -0.80 -0.54 
Hoveton 
Broad 75 5 31 88 36.67 19.27 2.22 4.36 366.33 -0.09 0.74 
Salhouse 
Broad 75 4 31 83 34.97 20.51 2.37 4.64 415.25 -0.36 0.62 
Kruskal-Wallis analysis revealed statistically significant differences in pit densities between 
survey sites with a chi-squared value of 30.225, degrees of freedom (df) = 5 and consequent 
p-value of p = < 0.001.  
 
Figure 5.24: Box plot displaying the differences in feeding pit densities between the 
different survey sites. The box plot shows median values (solid horizontal line), 50th 
percentile values (box outline), and 90th percentile values (whiskers). 
The Nemenyi post-hoc analysis revealed that significant differences were only found 
between the Norfolk Broad sites and the remaining survey sites (Table 5.8). Pit densities did 
not differ between river and drain sites. 
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Table 5.8: Results from the Nemenyi post hoc analysis between feeding pit densities and 
survey site. P values have been rounded to 3dp and are represented by symbology and 
colours whereby: *** & green = < 0.001, ** & orange = < 0.01 and * & yellow = < 0.05  
 River 
Welland 
River 
Witham 
Sincil 
Dyke 
South 
Holland 
Drain 
Hoveton 
Broad 
Salhouse 
Broad 
River 
Welland 
 0.35 0.97 0.49 0.55 0.26 
River 
Witham 0.35 
 0.84 1 ** *** 
Sincil 
Dyke 0.97 0.84 
 0.93 0.13 * 
South 
Holland 
Drain 
0.49 1 0.93  ** ** 
Hoveton 
Broad 0.55 ** 0.13 ** 
 0.99 
Salhouse 
Broad 0.26 *** * ** 0.99 
 
 
Additional Kruskal-Wallis analysis indicated a statistically significant difference in feeding pit 
density between the different environment types with a chi-squared value of 25.107, degrees 
of freedom (df) = 2 and consequent p-value of p = < 0.001 (Figure 5.25). As previously, the 
Norfolk Broads were the only environment type which are statistically different from each 
other environment type (Table 5.9; p = < 0.001), with rivers and drains shown not statistically 
differ from each other (p = 0.9). 
 
Table 5.9: Results from the Nemenyi post hoc analysis between feeding pit densities and 
environment typing. P values have been rounded to 3dp and are represented by 
symbology and colours whereby: *** & green = < 0.001, ** & orange = < 0.01 and * & 
yellow = < 0.05 
 River Drain Broad 
River  0.91 *** 
Drain 0.91  *** 
Broad *** ***  
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Figure 5.25: Box plot displaying the differences in feeding pit morphology between the 
different environment types. The box plot shows median values (solid horizontal line), 
50th percentile values (box outline), and 90th percentile values (whiskers). 
In summary, the data suggest that feeding pit size and densities are consistent in rivers and 
drains, but that the Norfolk Broads have both significantly larger feeding pits and also 
significantly lower pit densities. 
Feeding pit volumes 
Based upon the recorded measurements from both the feeding pit morphology and density 
survey, it is possible to provide an estimate of the total volume of sediment that is displaced 
by fish in the creation of these structures. 
The volume of displacement can be calculated by accepting two assumptions: 
1. That a proxy measurement of feeding pit depth will be ascertained from the literature 
as depths could not be established through the ARIS software.  
2. That all feeding pits are regular ellipsoids in shape, and as such, the formula 
JK	LMNO=  
can be used to calculate the volume of feeding pits where: a = feeding pit length, b = 
feeding pit depth and c = feeding pit width.  
As mentioned above, the depths of feeding pits could not be established using the ARIS 
software so subsequently a proxy measurement was taken from the literature where bream 
have been shown to penetrate “mud” by 4 cm (Suietov, 1939). Qualitatively comparison of 
the known feeding pit lengths and widths with their respective acoustic shadows, suggests 
that a depth of 4 cm is reasonable. It must be noted that the depth of pits from the Norfolk 
Broad sites are likely to be deeper. However, due to the level of ‘super pitting’ affecting the 
ability to adequately asses pitting depths, a depth of 4 cm was used for these sites. 
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Estimates of feeding pit volumes were calculated for all surveyed sites (Table 5.10). As the 
depths of all feeding pits across all sites were assumed to be the same, the results from the 
estimated volumes are proportional to those from the feeding pit areas analysis. 
Subsequently, no statistical analysis was completed as the results would mirror those 
previously discussed.  
As expected from the results above, volume estimates for the Norfolk Broads were larger 
than any other sites (Table 5.10; Figure 5.26). As with the previous results, Hoveton Broad 
was shown to contain the largest mean volume per feeding pit out of all sites with an 
average of 939 cm3 whereas the River Welland was shown to have the smallest volume at 
just 116 cm3, a difference of 823 cm3.  The mean percentage difference between each site 
within the same environment is relatively proportional to other environment types with rivers 
showing a 19.4% difference between sites, drains with a 26.4% difference and Broads with a 
27.4% difference. Consequently, the notable visual difference between the Broad sites is 
simply a result of the scale and appears to have the same within-type variance as the other 
environment types. 
Table 5.10: Summary of the descriptive statistics for the calculated feeding pit volumes 
(cm3). 
 n Min (cm3) 
Median 
(cm3) 
Maximum 
(cm3) 
Mean 
(cm3) 
Std. 
Deviation 
(cm3) 
Std. Error 
(cm3) 
95th 
percentile 
confidence 
limits 
Variance 
(cm3) Kurtosis Skewness 
River 
Welland 1000 13 115 503 115.98 76.09 2.41 4.72 5784.45 2.69 1.15 
River 
Witham 1000 8 138 346 138.46 90.44 2.86 5.61 8171.59 -0.89 0.25 
South 
Holland 
Drain 
1000 8 94 369 141.92 109.78 3.47 6.80 12039.37 -1.36 0.44 
Sincil 
Dyke 1000 8 147 463 179.37 133.56 4.22 8.28 17819.25 -1.39 0.29 
Hoveton 
Broad 1000 138 955 2004 938.82 477.35 15.10 29.59 227638.26 -0.87 0.07 
Salhouse 
Broad 1000 67 767 1797 736.67 472.39 14.94 29.28 222932.20 -1.17 0.13 
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Figure 5.26: Mean feeding pit volume (n = 1000) of each surveyed area. Error bars 
represent the 95% confidence limits associated with the dataset. 
Estimates of the amount of sediment moved within 1 m2 were established by multiplying the 
minimum, mean and maximum feeding pit volumes from each site, by their respective 
feeding pit densities. These values provide a range of estimates of sediment moved by 
bream per 1 m2 (Table 5.11). 
Table 5.11: The estimated volume of displaced sediment (m3 m-2) for each survey site.  
Site Minimum Mean Maximum 
River Welland 0.000025 0.0049 0.044 
River Witham 0.000034 0.0069 0.032 
South Holland Drain 0.000025 0.0069 0.032 
Sincil Dyke 0.000025 0.0080 0.037 
Hoveton Broad 0.00069 0.034 0.18 
Salhouse Broad 0.00027 0.026 0.15 
 
At the minimum level, the volume of sediment moved is notably low with little difference 
between all the surveyed sites (Figure 5.27 and Table 5.11). Mean values across all sites 
were marginally greater (Table 5.11) apart from those sites from the Norfolk Broads which 
showed a discernible increase. Mean levels for the Norfolk Broads represent similar levels of 
sediment movement to the maximum levels estimated at both the river and drain sites 
(Figure 5.27 and Table 5.11). Sediment displacements increase substantially for the 
maximum estimates, with the largest displacements likely for the Norfolk Broad sites. 
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These theoretical values show that the level of sediment being displaced by bream does not 
significantly differ between rivers and drains. However, the significant difference found 
between the Norfolk Broads and all other sites suggests that either bream are feeding at a 
greater intensity or that there is some other factor affecting the pitting morphology in the 
rivers and drains. 
 
Figure 5.27: Minimum, mean and maximum levels of sediment displacement created from 
feeding pits at each site. 
 
These approximations can be taken further by calculating an estimate of the total amount 
sediment moved by bream within an average feeding area. Here a feeding area is defined as 
the total area where feeding pits were observed. It proved difficult to accurately determine 
the shape and dimensions of these feeding areas using the Humminbird sonar, but feeding 
areas were approximately rectangular so estimates of their length, width and area were 
obtained. However, as the feeding areas were approximately rectangular in shape, 
estimations of their average length and width were gathered during the surveys (Table 5.12). 
An estimation of the sediment moved with a feeding area can be calculated by multiplying 
the average feeding area by the previously calculated mean volume of sediment displaced 
per m2 (Table 5.12). 
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Table 5.12: Estimated volume of sediment moved per site based upon average feeding 
area  
 
Number of 
feeding 
areas 
examined 
Average 
feeding 
area length 
(m) 
Average 
feeding 
area width 
(m) 
Average 
feeding 
area (m2) 
Mean volume of 
displaced 
sediment (m3 
m-2) 
Volume of 
sediment 
displaced per 
mean feeding 
area (m3) 
River Welland 3 15 5 75 0.0049 0.3675 
River Witham 4 15 5 75 0.0069 0.5175 
South Holland 
Drain 4 8 3 24 0.0069 0.1656 
Sincil Dyke 2 8 3 24 0.008 0.192 
Hoveton Broad 2 20 10 200 0.034 6.8 
Salhouse Broad 2 20 10 200 0.026 5.2 
 
The two drainage sites were shown to contain the smallest feeding areas in comparison to 
all other environmental types with 24 m2, likely due to the constraint in channel width. 
Conversely the two sites from the Norfolk Broads had the largest estimated feeding areas 
with 200 m2 respectively. Interestingly, although the riverine sites were shown to statistically 
have the smallest feeding pit morphology, they have significantly larger feeding areas 
compared with the drainage sites, and the net result is that the total moved sediment is 
actually greater by up to 3 times. Unsurprisingly however, due to the Norfolk Broads 
containing the largest average feeding area (200 m2), the total sediment displaced with an 
average feeding area is up to 41 times higher than in the drains 18 times higher than in the 
rivers, with a mean volume of displaced sediment of 6.8 m3. 
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 Experimental question 2 – Feeding pits as relevant hydraulic structures 
Velocity time series for each orthogonal component (Figure 5.28) were cleaned according to 
the methods described in section 5.2.2 and mean values and TKE were calculated for each 
vertical position. Five replicate values are available for each position and for each pit-density 
treatment. 
 
Figure 5.28: An example flow velocity profile taken from the maximum density feeding pit 
experiments at 0 cm distance from the bed. The flow profile displays the changes in each 
velocity component (cm/s-1) over time (seconds) (black = X, blue = Y and red = Z). 
 
Streamwise velocity profiles are typical of those above rough beds with a logarithmic shape 
that is consistent through most treatments (Figure 5.29 and Figure 5.30). The 100% pit 
density experiments yielded greater velocities, particularly at experimental depths above 5 
cm (Figure 5.30). Although the mean velocities for the control (no pits) bed were similar to 
those of the other treatments (Figure 5.30), the 95% confident limits were much larger 
(Figure 5.29) indicating greater variation between these replications.   
The Y velocity data appears to be highly variable between replications and in vertical profile, 
but the differences in velocity are very small with little vertical structure and no systematic 
differences between treatments (Figure 5.29 and Figure 5.31).  
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Figure 5.29: Mean velocity (cm/sec) and TKE (J m-3) profiles for each experimental feeding pit density where velocities/TKE are plotted on 
the X axis against depth from the experimental bed. The error bars represent the 95% confident limits of the 5 combined experimental 
repeats. 
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Figure 5.30: Mean stream-wise (x) velocity profiles (n=5) highlighting the relationship 
between velocity and distance from the bed at different feeding pit densities. 
 
 
 
Figure 5.31: Mean cross-stream (y) velocity profiles (n=5) highlighting the relationship 
between velocity and distance from the bed at different feeding pit densities.  
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Given the very small deviations in the velocity recorded, the high level of variability might 
reflect instrument noise rather than an influence from the feeding pits.  
The Z velocity profiles (Figure 5.29 and Figure 5.32) also vary over very small velocities and 
show relatively little structure but it is notable that both mean velocities and the 95% 
confidence limits show the largest range in the lower 10 cm of the flow (Figure 5.29). 
Variability then decreases above approximately 10 cm across most treatments. At the 100% 
density, vertical velocities are notably higher, although this affect dissipates above 18 cm. 
 
Figure 5.32: Mean vertical (z) velocity profiles (n=5) highlighting the relationship between 
velocity and distance from the bed at different feeding pit densities. 
 
TKE profiles are fairly consistent between treatments, with a couple of exceptions. The 
control (no pit) group shows an overall decline in TKE with height, which is notably different 
from more vertical profiles for most treatments and a tendency for TKE to increase with 
height and take on a more logarithmic profile at the 100% density (Figure 5.29 and Figure 
5.33). Below approximately 5 cm, close to the bed, turbulence was greatest for the control 
runs and declined as pit density increased with the lowest near-bed turbulence at the highest 
pit densities (Figure 5.33). There are also notable spikes in TKE at approximately 10 cm 
height for the low density and 75% density treatments.   
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Figure 5.33: Mean TKE profiles highlighting the relationship between velocity and water 
depth at different feeding pit densities. 
 
The results of the ANOVA examining whether orthogonal velocities and TKE were affected 
by feeding pits and/or the change in ADV elevation height displayed significant statistical 
differences (Table 5.13). Both elevation above the bed and pit density were associated with 
significant variations in the mean X, Y and Z velocities and TKE. Further, interaction affects 
were noted between both elevation height and pit densities amongst all orthogonal velocities 
and TKE (Table 5.13). 
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Table 5.13: ANVOA results examining the effect of water depth and feeding pit densities 
between all orthogonal velocities and TKE. 
  Df Sum Sq Mean Sq F value Pr(>F) Adjusted P value 
X 
Elevation above the bed 14 90.15 6.44 107 <2e-16 < 0.001 
Pit Density 5 13.27 2.66 44.10 <2e-16 < 0.001 
Elevation & Pit Density 70 15.74 0.23 3.74 <2e-16 < 0.001 
Residuals 360 21.67 0.06 - - - 
Y 
Elevation above the bed 14 0.70 0.05 25.03 <2e-16 < 0.001 
Pit Density 5 0.27 0.05 26.86 <2e-16 < 0.001 
Elevation & Pit Density 70 2.14 0.03 15.27 <2e-16 < 0.001 
Residuals 360 0.72 0.002 - - - 
Z 
Elevation above the bed 14 0.35 0.02 9.28 < 2e-16 < 0.001 
Pit Density 5 0.61 0.12 45.42 < 2e-16 < 0.001 
Elevation & Pit Density 70 0.52 0.007 2.78 3.22E-10 < 0.001 
Residuals 360 0.97 0.003 - - - 
TKE 
Elevation above the bed 14 0.02 0.001 15.74 < 2e-16 < 0.001 
Pit Density 5 0.004 0.0008 8.71 8.31E-08 < 0.001 
Elevation & Pit Density 70 0.03 0.0004 4.23 < 2e-16 < 0.001 
Residuals 360 0.03 8.61E-05 - - - 
Further ANOVA analyses was completed to test for between treatment differences in 
orthogonal velocities and TKE at specific water depths.  Significant differences were present 
at each height for one or more variables (Table 5.14). 
Table 5.14: ANOVA test results (expressed as p values) measuring the effect that feeding 
pits have upon the given velocities and TKE at different heights in the water column. P 
values have been rounded to 3dp and are represented by symbology and colours 
whereby: *** & green = < 0.001, ** & orange = < 0.01 and * & yellow = < 0.05 
Water depth (cm) 
ANOVA test results 
X velocity Y velocity Z velocity TKE 
26 *** *** *** *** 
22 *** *** *** ** 
18 *** *** * * 
14 *** *** * * 
10 *** *** *** *** 
9 *** *** ** 0.12 
8 ** *** *** 0.62 
7 *** *** * 0.60 
6 *** *** *** ** 
5 ** *** ** 0.66 
4 0.21 *** * 0.24 
3 0.98 0.49 *** 0.10 
2 0.42 * ** ** 
1 0.76 *** ** * 
0 *** *** ** *** 
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The source of the significant differences at each height, for each variable were examined 
using a set of Tukey HSD (honest significant difference) post hoc tests, summarised in Table 
5.15, Table 5.16, Table 5.17 and Table 5.18 for each variable, respectively.  
The dominant pattern in the streamwise velocity components (Table 5.15) is for significantly 
higher velocities at the maximum (100%) pit density, but with little difference between all 
other density treatments. This is the case at all elevations above 5 cm, with no differences in 
streamwise velocity at any pit density in the region very close to the bed (< 5 cm). In 
addition, significantly lower velocities are evident above the no-pit control or minimum pit-
density beds at some elevations (see Figure 5.34 for an example). Consistent with Figure 
5.30, these results suggest that moderate feeding pit densities can increase streamwise 
velocity at some positions within the overlying flow, when compared with smooth beds. At 
the maximum pit densities recorded in the field (92 pits per m2), significant increases in 
streamwise velocity are persistent at all elevations except in the lowest portion of the flow 
close to the bed. 
 
Figure 5.34: Box plot displaying the differences between the velocity from the X 
orthogonal plane against each feeding pit treatment group at 26 cm water depth. The box 
plot shows median values (solid horizontal line), 50th percentile values (box outline), and 
90th percentile values (whiskers). Note the Higher velocity values seen amongst the 
maximum feeding pit treatment group and the slower velocities at the control treatment 
group.   
 
Post-hoc analysis of cross-stream velocities mirrored that of the qualitative assessment 
where large variability between measurement elevations and lack of trend between 
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treatments (Figure 5.31 and Table 5.16) suggest no significant structure,  possibly caused by 
high levels of turbulence in the cross-stream (Y) plane. 
Vertical velocity data (Table 5.17)  exhibits similar trends to that of the streamwise velocities 
with a tendency for significantly higher velocities at maximum pit density, especially through 
the central elevations, and some tendency for significantly lower vertical velocities above the 
no-pit control bed (Figure 5.35 as an example). 
 
 
Figure 5.35: Box plot displaying the differences between the velocity from the Z 
orthogonal plane against each feeding pit treatment group at 10 cm water depth. The box 
plot shows median values (solid horizontal line), 50th percentile values (box outline), and 
90th percentile values (whiskers). Note the Higher velocity values seen amongst the 
maximum feeding pit treatment group and the slower velocities at the control treatment 
group.   
 
Without pits, TKE is significantly higher at the lowest measured elevation (Table 5.18, Figure 
5.36) and significantly lower than some density treatments at the highest elevations (above 
18 cm). The maximum density treatment tends to yield significantly higher TKE at elevations 
above 15 cm.         
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Figure 5.36: Box plot displaying the differences in near bed TKE between the different 
feeding pit densities at 0 cm water depth. The box plot shows median values (solid 
horizontal line), 50th percentile values (box outline), and 90th percentile values 
(whiskers). Note the Higher velocity values seen amongst the maximum feeding pit 
treatment group and the slower velocities at the control treatment group.   
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Table 5.15: Tukey HSD (honest significant difference) post hoc test results for how feeding pits affect the mean X velocity values at different water 
depths. P values have been rounded to 3dp and are represented by symbology and colours whereby: *** & green = < 0.001, ** & orange = < 0.01 
and * & yellow = < 0.05. Values not significant have been removed for clarity.  
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Table 5.16: Tukey HSD (honest significant difference) post hoc test results for how feeding pits affect the mean Y velocity values at different water 
depths. P values have been rounded to 3dp and are represented by symbology and colours whereby: *** & green = < 0.001, ** & orange = < 0.01 
and * & yellow = < 0.05. Values not significant have been removed for clarity.  
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Table 5.17: Tukey HSD (honest significant difference) post hoc test results for how feeding pits affect the mean Z velocity values at different water 
depths. P values have been rounded to 3dp and are represented by symbology and colours whereby: *** & green = < 0.001, ** & orange = < 0.01 
and * & yellow = < 0.05. Values not significant have been removed for clarity.  
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Table 5.18: Tukey HSD (honest significant difference) post hoc test results for how feeding pits affect the mean Total kinetic energy at different 
water depths. P values have been rounded to 3dp and are represented by symbology and colours whereby: *** & green = < 0.001, ** & orange = < 
0.01 and * & yellow = < 0.05. Values not significant have been removed for clarity.  
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5.4 Discussion 
It is initially useful to review why the pits examined in the field are thought to be caused by 
feeding bream. The origin of these feeding pits could not be unequivocally identified as 
bream feeding pits, because no bream were observed creating them during the surveys. 
However, these feedings pits are strongly believed to be created by bream because: 
- The lowland, fine sediment environments where these pits were located represent 
ideal bream habitat; 
- During the surveys, large numbers of bream were found within the densely pitted 
areas (Figure 5.13) and were positively identified through their distinctive tall, laterally 
compressed body and anal fin morphology (Figure 5.37). Therefore, it is known that 
bream were co-located within the patches of high-density pits. 
- The size and number of pits suggest that a large shoaling fish should be the architect 
of these features, which bream are; 
- Anecdotally anglers report that when bream feed in shoals they create large 
sediment plumes. Consequently, given the amount of potential sediment 
displacement that bream can cause, they will very likely leave behind structures in 
the bed, like those surveyed;  
- Although there are other benthic species within the same environment that are able 
to create such feeding pits, such as carp and tench (Figure 5.2), their respective 
population densities are significantly lower than bream in the wild and as such, are 
unlikely to create the observed density of pits recorded here;  
- Both in-situ observations from the literature (Figure 5.2) and ex-situ experiments from 
Chapter 3 (Figure 5.3) have shown the same feeding pit morphology created by 
bream. 
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Figure 5.37: An example of the positive ID of bream carried out during the feeding pit 
surveys. Note the distinctive tall, laterally compressed body and anal fin morphology 
 
 Experimental question 1 – Feeding pit characteristics 
Comprehensive surveys of bream feeding pits were successfully completed at six individual 
sites covering three different aquatic environments. The data from these surveys were 
compiled and analysed to provide the first example of large-scale bream feeding pit 
characteristics. The results display a level of intra and inter-differences between both the 
sites and environment type displaying a level of site and environment specific heterogeneity.  
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Feeding pit areas were shown to increase in size amongst the different environment types 
where rivers were shown to have the smallest feeding pits (mean = 47.71 cm2) followed by 
drains at 60.25 cm2 and then the Broads at 314.16 cm2. However, although significant 
differences were found between all environment types, the differences exhibited between the 
riverine and drainage sites were small and the significance may reflect the very large sample 
sizes (Table 5.4 and Figure 5.21). In contrast, the Norfolk Broads were shown to have 
significantly larger feeding pits. Examples of bream feeding pit morphology are lacking with 
only basic descriptions (Oldorff & Kirschey, 2017). For example, Sibbing et al. (1995) found 
bream feeding pits in lakes with diameters up to 9 cm and depths up to 10 cm and Scheffer 
(1997) noted bream feeding pits ranging between 2 - 4 cm across within experimental 
enclosures. The values from Scheffer (1997) fall within the range of observations in all the 
environments sampled here, whereas those from Sibbing et al. (1995) are only consistent 
with pits on the Norfolk Broads, where qualitative observation indicated a depth greater than 
that of the rivers.  
Feeding pit densities were shown to be inversely proportional to feeding pit area where the 
smallest densities were found in the Norfolk Broads followed by the drains and riverine 
environments. The relationship between feeding pit size and overall density is to be 
expected given that the larger feeding pits inherently occupy a larger area thus decreasing 
their density when measured as a function of number of pits per m2. Densities amongst 
riverine and drainage sites, although shown to be statistically different, were consistent 
amongst both environment types as with feeding pit size above. 
The cause of the differences between pits on the broads and elsewhere, is not clear and 
requires further investigation, but possibly explanations involve one or more of the following 
drivers: sediment composition, fish size and number, hydrology and food availability. 
i. Sediment composition 
The ability for fish to penetrate river and lake beds to remove items is limited, in part, by the 
sediment composition. Carp, a similar benthic species to bream, can penetrate 12 cm into a 
“muddy bottom” substrate, and half that depth in clay sediments (Suietov, 1939). This 
suggests that benthic fish can displace larger fine sediment grain-size fractions more 
effectively than smaller fractions, presumably because of the increased cohesion of clays. It 
is therefore possible that the reason for the discrepancy in feeding pit sizes seen amongst 
environments, particularly within the Norfolk Broads, is due to the sediment composition. 
Larger feeding pits in the Norfolk Broads, might reflect a fine sediment composition that 
contains a lower proportion of clay-sized material. This also suggests that both riverine and 
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drainage sites share a similar fine sediment composition. However, this is unlikely given that 
both the riverine and drainage sites are subjected to hydraulic pressures which, under high 
flows, increase fine sediment transport removing the finer sediments from the bed or prevent 
fine sediment from settling. Conversely, the Norfolk Broad sites have no flow under normal 
conditions meaning that they are subjected to heavy sedimentation from the River Bure, 
particularly when it is in flood. Consequently, it is likely that sediment composition is not a 
primary driver in the morphological characteristics of feeding pits. 
ii. Fish size and number 
An alternative explanation is that differences in bream feeding pit morphology reflect 
differences in bream size and abundance. The feeding experiments in Chapter 3.3 have 
demonstrated that an increase in both size and number of fish resulted in a higher yield of 
suspended sediment and it can be hypothesised that in turn, this can result in increased 
sediment penetration depths and pit areas. Relationships between fish size and feeding pit 
size have been noted for marine species and used to establish a proportional measure of 
fish size based on the volume of feeding pits (Johnson et al. 1983). The digging capacity of 
bream has been shown to increase with size such that smaller bream lacks the digging 
capabilities of larger bream penetrating the sediment by 2 and 6 cm, respectively (Suietov, 
1939; Brabrand, 1984). This relationship between fish size and penetration depths is evident 
amongst other fish species (Burner, 1951; Barber, 2001) and importantly, other cyprinids 
(Pledger et al., 2016). However, if feeding pits were to increase proportionally with fish size, 
then the up to 6.6-fold increase in feeding pit areas observed in the Norfolk Broads in 
comparison to the other environment types would suggest that bream were substantially 
larger in the Broads. This is unlikely given that bream caught on the ARIS during the surveys 
in all environments were of a similar size implying that size was not a determining factor in 
pit morphology (Table 5.19). For example, the bream within Figure 5.37 were observed 
during the Hoveton Broad surveys and were 42 and 34 cm in length. These lengths are well 
below the maximum documented lengths of adult bream throughout Europe (70 cm) 
(Kottelat and Freyhof, 2007). 
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Table 5.19: Size ranges of bream observed during the feeding pit surveys. Only the first 
50 fish encountered were measured using the ARIS fish software. 
 N 
Minimum 
length 
(cm) 
Maximum 
length 
(cm) 
River Welland 50 28 46 
River Witham 50 30 42 
South Holland 
Drain 50 28 50 
Sincil Dyke 50 27 43 
Hoveton Broad 50 28 46 
Salhouse Broad 50 31 47 
Conversely, fish number may help to explain differences in pit morphology. “Super pits” – 
feeding pits produced by the construction of multiple overlapping feeding pits were found in 
all environments but were most prolific in the Norfolk Broads (Figure 5.20). These super pits 
have two likely explanations. First, because adult bream feed communally in a shoal, the 
“super pits” could indicate multiple bream feeding at the same spot in one feeding event. 
Secondly these pits could be constructed in multiple events by bream returning to the same 
areas to feed. Scenario one is supported by the experiments in Chapter 3 which increased 
competition (fish numbers) drove feeding rates, and super pits were apparent after a 1-hour 
treatment (Figure 5.3 – note the “super pit” on the left hand side just below the middle of the 
feeding tray). Scenario two is also feasible. Within the UK, bream exhibit a home range 
undertaking migrations between their holding areas and feeding grounds covering up to 10 
km per day in rivers (Langford et al. 1979; Langford 1981) and canals (Caffrey et al. 1996). 
Such daily migrations across a restricted home range, mean that multiple visits to the same 
feeding sites are likely, which might explain the construction of super pits during multiple 
feeding events over a longer timescale.  
Moreover Gardner et al. (2013) found that bream migrations are positively associated with 
temperature and flow whereby bream are found in deeper water during the colder months 
and move into tributaries to escape high flow events. The Norfolk Broads have no flow but 
are connected to the River Bure, therefore it is possible that bream populate the Broads 
during high flow conditions in the River Bure. While high flow conditions persist, they may be 
forced to remain in the Broads rather than range more widely increasing both their number 
and density thus increasing the likelihood that super pits are produced. In comparison, as 
the riverine and drainage site feeding pits were within the main channel, during high flow 
events, bream would not necessarily occupy these environments reducing the chance in 
super pit formation.  
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iii. Hydrology 
The feeding pits surveyed at the river and drainage sites were found in the main channels 
and, unlike the Norkfolk Broads, these pits are subject to hydraulic stress, particularly during 
times of high flows, which could explain the difference in morphologies observed.  
Although flow data is not available for the Norfolk Broads, it is believed that there is no flow, 
whereas the mean daily flow rates from Sincil Dyke (1.4 m/s-1; Figure 5.9) were found to be 
less than half that of the River Witham and Welland at 3.4 and 3.7 m/s-1 respectively (Figure 
5.7). Interestingly, as feeding pits were statistically the largest in the Norfolk Broads, followed 
by drains and finally rivers, this potentially highlights an inverse relation between feeding pit 
size and flow velocity whereby feeding pit size appears to decrease with velocity. 
Relationships between hydraulics and feeding pits have been found with Micropogonias 
furnieri from the family sciaenidae, who leave feeding pits within the intertidal zones of the 
Bahia Blanca estuary (Molina et al. 2017). These feeding pits are eroded each day by the 
tide. In contrast, bream feeding pits have been found with penetration depths of up to 10 cm 
within lakes (Sibbing et al. 1995). It is therefore possible that sediment reworking by 
hydraulic stresses limit the size of pits in lotic environments, but present less of a limitation 
on pit size in lentic waterbodies, like the broads, where erosion is less likely.  
iv. Food availability 
Feeding selectivity is common amongst fish (Crowder and Cooper, 1982) and has been 
specifically shown amongst cyprinid species (Tatrai et al., 1994). Here fish select specific 
food items, and under certain circumstances can selectively prey upon certain food items 
altering the food chain (Lammens, 1984). However, it has also been shown that bream 
specifically feed in selective areas which are more suitable for their desired food resource 
(Tatrai, 1980; Lammens, 1985; Diehl, 1988). It is therefore likely that the location and 
densities of feeding pits seen here are directly correlated to the availability of food items both 
collectively and individually and the depths at which they are buried. The Norfolk Broads 
reflect optimal habitat for chironomids, breams favoured prey items, and this may encourage 
feeding that generates larger pits. Further work has highlighted that both bream and carp 
can modify their environments to promote macroinvertebrate densities. Here 
macroinvertebrates were shown to be influenced by bream feeding behaviour which 
contributed to the formation of new microhabitats preferred by non-predatory chironomids 
(Tatrai et al. 1994). It could therefore be construed that bream are promoting increased 
habitat availability within all environments by producing these pits as microhabitats for 
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chironomidae. The pit formations would promote chironomidae densities and could result in 
larger feeding pits as it would result in an increased food source, particularly within 
environments which ideal habitat for these prey items i.e. the Norfolk Broads. This ability to 
create microhabitats, promoting prey density’s potentially displays a significant level of 
ecosystem engineering where by bream can create a continuous food resource for sub-
populations. This could further our understanding on why the spatial distribution and the 
densities of bream feeding pits are so varied and why only high densities are found in very 
small areas. For example, amongst the Norfolk Broads where feeding pits were the most 
densely populated, areas of high densities were, approximately 20 m long by 10 m wide. 
These small areas (in relation to the size of the waterbody) of dense feeding pits likely 
represent significantly important feeding grounds for sub-populations of bream as the 
quantity of “super pits” are more common in these densely populated feeding pit areas, 
suggesting that bream regularly re-visit these areas to feed. 
Feeding pit densities 
Feeding pit densities differed between sites and had large ranges at each site (Table 5.7). 
Densities also had an inverse relationship with pit area where densities were smallest within 
the Norfolk Broads (36 pits per m2), followed by the drainage and river sites with (46 pits per 
m2) equally. The large ranges observed at all sites likely reflect a relationship between food 
availability and feeding pits, whereby more food equates to more feeding pits. All areas of 
feeding pits were found in areas devoid of vegetation which is consistent with the literature 
on bream feeding in both the UK (Maitland & Campbell, 1992) and the rest of Europe 
(Kottelat & Freyhof, 2007). 
Similar examples of feeding pit densities have come from intertidal zones where maximum 
densities of up to 20 pits per m2 in association with the smooth flounder (Liopsetta putnami), 
the winter flounder (Pseudopleuronectes americanus; Risk and Craig, 1976) and 
Whitemouth Croaker (Micropogonias furnieri; Molina et al. 2017). These values are 
significantly lower than those observed during the surveys, implying that bream have a larger 
geomorphic effect upon the bed than these species.  
The significantly larger densities measured here for bream feeding pits in comparison to the 
intertidal examples might represent a level of over-estimation in the bream surveys. Bream 
are either required to sample their environment to locate food items in turbid environments 
(Scheffer et al., 1997) or where turbidity is lower, switch feeding mode from filter to 
particulate to target individual prey items (Winfield and Townsend, 1988). These two aspects 
of their ecology indicate that smaller density areas are more common than observed during 
these surveys. Over-estimation could be a result of the survey method because the use of 
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the sonar made it difficult to identify areas of very low pit concentrations and it is possible 
that areas containing small pit densities were missed.  
Feeding pit volumes 
Estimates of the volume of sediment moved by bream were greatest, per unit area, for the 
Norfolk Broads followed by drains and closely by rivers. However, the larger feeding extent 
among rivers, mean that some sediment displacement was greatest at the river sites than 
drains. These estimates represent the first attempt to quantify sediment transport created by 
bream or any other fish within fine sediment dominated rivers.   
Consideration of how sediment transport is affected by fish is lacking within the literature, 
possibly because the geomorphic process of fish foraging is insignificant relative to standard 
hydraulic forcing and also the difficulty in measuring the effect (Hassan et al. 2008; Rice et 
al. 2019). Where examples do exist, geomorphic activity by fish has been estimated in 
different ways (Table 5.21). For example, it was calculated that M. furnieri was responsible 
for an average 180 cm3 m−2 of sediment transport during their foraging which, when scaled 
to the size of available feeding habitat within the Bahia-Blanca estuary, resulted in a net 
sediment transport rate of 20 m3 m-2 day-1 (Molina et al. 2017). Although comparing between 
aquatic and marine environments is difficult owing to the different drivers involved (e.g. tidal 
regime, sediment composition and biofilms) relative sediment movement can be assessed 
as a proxy of their potential geomorphic significance within their own environments. 
Unfortunately, estimations for temporal rates of sediment production from foraging bream 
were not ascertained in this study precluding direct comparisons. However, the spatial 
estimates of total sediment production by bream within river environments were significantly 
higher than M. furnieri with 4948 and 6949 cm3 m-2 being recording within the River Welland 
and River Witham respectively.  
Other work has examined the total area disturbed by fish per m2. For example, a similar 
marine fish from the same family as M. furnieri (sciaenidae), spot (Leiostomus xanthurus) 
was found to remove 1% of the sediment surface m-2 day-1 while feeding in South Carolinian 
estuaries, USA (Billheimer and Coull, 1988; Fleeger et al., 2006). Pledger et al. (2014) 
showed that juvenile barbel; from the same family as bream, cyprinid) disturbed 36.9% 
(0.05m2) of the experimental feeding area within ex-situ flumes. This was later examined in 
the River Idle and it was found that barbel, disturbed the surface of riffles by foraging 
between 0.8 and 39.7%, representing an average of 13.6 m2 disturbed riffle in a 600 m2 
study stretch over a 24-hr period (Pledger et al. 2017). Again, temporal scales cannot be 
compared here. However, at the mean values calculated for barbel disturbance at riffles, 
these are significantly lower than the bream mean disturbance values within fine sediment 
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environments, potentially highlighting that bream are more significant zoogeomorphic agents 
than barbel (Table 5.20).  
Table 5.20: Percentage of the surface disturbance of bream based upon their mean 
feeding pit area and densities from all survey sites.  
Site Surface area of disturbance per m2 (%) 
River Welland 18.7 
River Witham 26.0 
South Holland Drain 25.5 
Sincil Dyke 30.3 
Hoveton Broad 95.1 
Salhouse Broad 96.7 
 
However, it must be noted that the area examined with barbel was significantly larger overall 
(600 m2) than the mean feeding areas of bream within riverine environments (75 m2). 
Further, the data on barbel was captured over 24 hours, whereas the bream feeding pits, as 
previously discussed, likely to represent multiple feeding events.  
The values estimated here represent a starting point from which further research could be 
developed.
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Table 5.21: Overview of studies which have explicitly defined a rate of sediment transport/disturbance. 
Animal Species Environment Quantity of sediment displaced Sediment size Duration Location Reference 
Fish B. barbus River Disturbed 0.8 and 39.7% of riffles by foraging Pebbles/cobbles 24 hours River Idle 
Pledger et al. 
2017 
Fish B. barbus River Average of 13.6 m
2 disturbed riffle in a 600 
m2 study stretch Pebbles/cobbles 24 hours River Idle 
Pledger et al. 
2017 
Fish O. nerka River 
Salmon mobilized about 35% of the net 
transport of sediment after floods due to 
redd construction 
Pebbles Year Four streams of Fraser River Hassan et al. 2008 
Fish O. keta River Theoretical increase in sediment transport through redd construction Theoretical Theoretical 
Kennedy Creek & Montana 
Creek 
Montgomery et 
al. 1996 
Fish B. barbus Ex-situ flumes 
Disturbed 36.9% (0.05 m2) of the 
experimental feeding area Pebbles/cobbles 1 hour Experimental flumes 
Pledger et al. 
2014 
Fish M. furnieri Estuaries 180 cm3 m−2 Fine Per day Bahia-Blanca estuary Molina et al. 2017 
Fish M. furnieri Estuaries 20 m3 m-2 day-1 within the whole estuary Fine Per day Bahia-Blanca estuary Molina et al. 2017 
Fish L. xanthurus Estuaries 1% of the sediment surface m2 day-1 Fine Per day South Carolinian estuaries Fleeger et al. 2006 
Crayfish P. leniusculus River Bioturbation contributed at least 36% (430 kg) Fine Monthly 
Brampton Branch of the 
River Nene Rice et al. 2016 
Crayfish P. leniusculus River 
Added between 4.7 and 13.54 t (0.19 to 
0.55 t km-2 yr-1) to the annual sediment 
yield. 
Fine Monthly Brampton Branch of the River Nene Rice et al. 2016 
Crayfish P. leniusculus River 20% of the suspended sediment load 28 days Monthly Brampton Branch of the River Nene Rice et al. 2014 
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 Experimental question 2 – Feeding pits as relevant hydraulic structures 
The understanding of bream feeding pits was extended further using scaled models to 
characterise their turbulent and hydraulic properties. An increase in feeding pit densities was 
associated with increases in both stream wise and vertical velocities. In the presence of 
feeding pits TKE tended to decline at the bed but at the highest densities there was an 
increase in TKE higher in the flow. 
In the flume, streamwise velocity profiles over a smooth bed resembled the characteristic 
logarithmic form whereby resistance is encountered at the boundary layer due to friction and 
then as the frictional forces reduce up the water column, velocity increases (Knighton, 1998). 
Regardless of density – feeding pits did not alter streamwise velocity close to the boundary. 
This was unexpected as depressions in a surface create a larger cross-sectional area 
causing velocities to be reduced as water passes over and within the depressions and as 
shear generates turbulent eddies and vortices (Squire, 1956; Johnston, 1960; Nowell and 
Jumars, 1984). These are created when the resistance of the fluid to shear between the 
inside and outside of the feeding pit causes the fluid inside to rotate, promoting vortices to 
form inside and generating turbulence (Vogel, 1996) and potentially a wake interference flow 
(Davis and Barmuta, 1989). The lack of any clear, significant response of near-bed velocities 
to changes in pit density, implies that bream feeding pits are either too small to form these 
internal vortices within them, or that the experimental velocities were too low to create 
turbulent features.  
There is a significant increase in streamwise velocity at the maximum pit density once 
elevations exceed 5 cm. Velocities at the bed are then also marginally lower than for the 
smooth bed which implies some impact of the pits on resistance. It is not clear why 
streamwise velocity profiles respond to the maximum pit density in this way. Two-
dimensional data is needed to investigate this further and to relate the impact of these 
roughness elements to existing conceptual frameworks; e.g.  the potential operation of a 
“skimming” (Jumars & Nowell, 1984) or “quasi-smooth” (Davis and Barmuta, 1989) flow at 
high pit densities.  
Vertical velocity profiles showed an increase in velocity with pit density, especially at the 
highest pit density through the central part of the flow depth. This might indicate that, as with 
the streamwise profiles, only maximum pit affects vertical velocities. However, it must be 
noted that the differences in vertical velocities are very small and could be influenced by 
experimental noise created through the ADV given the associated measurement error of 
±0.5% of a measured value ±1 mm/s-1. 
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TKE data provide a straightforward index of turbulent activity, whereby the total turbulent 
flow is characterised by mean kinetic energy per unit mass (Pope, 2000). The TKE values 
support the velocity data by demonstrating that the maximum densities are responsible for 
the largest levels of turbulence, which is expected. However, the profile plots suggest that 
pits tend to depress TKE very close to the bed, which suggests that feeding pits produce 
less turbulence than a smooth bed at the boundary. This is extremely difficult to explain, as 
any bed roughness would normally be expected to increase turbulence as a consequence of 
shear, flow separation and eddy formation caused by changes in bed micro-topography. 
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5.5 Conclusion  
 Experimental question 1 – Feeding pit characteristics 
For the first time, data on bream feeding-pit morphology, density and spatial extent have 
been collected from three different freshwater environments. This has helped to answer the 
research question “What are the morphological and density characteristics of feeding pits 
found in rivers and do they differ from those found in other aquatic environments, specifically 
drains and Broads?” 
The feeding pits displayed intra- and inter-environment differences. In summary, the Norfolk 
broads contained the largest pits followed by drains and rivers and this pattern was inverted 
for pit density (Table 5.22). Feeding areas were smaller in the drains with larger areas in 
rivers and the Broads, possibly because channels tended to be narrower, reducing potential 
feeding grounds. 
Table 5.22: Ranking overview, from 1 – 3 where 1 represents the highest of bream 
feeding pit characteristics by environmental typing. 
Characteristic Riverine sites 
Drainage 
sites 
Norfolk 
Broads 
Individual pit size 3 2 1 
Pit densities 1 2 3 
Feeding areas 2 3 1 
Volume of displaced sediment 2 3 1 
 
The observed differences in morphology and characteristics are likely to be caused by a 
combination of several site-specific drivers; specifically, differences in hydraulic regime and 
to a lesser extent food availability, sediment composition and fish size and number. It is 
believed that in river and drain sites, feeding pits are periodically washed out during high 
flow events, whereas those in the Norfolk Broads have been constructed by a larger number 
of feeding events over a longer period of time. These observations were supported by the 
natural flow regimes of the environments (Figure 5.7 and Figure 5.9) which show that 
feeding pit size decreased with increases in flow rates. It is recommended that further work 
is undertaken to investigate these possible causes of differences in pit morphology and 
character.  
Interestingly, many “super-pits” were discovered within the Norfolk Broads, but they were 
much less apparent at the river and drain sites. These “super-pits” were the combination of 
multiple feeding events on top of, or within proximity of, the previous feeding pit which had 
caused the feeding pit to expand substantially. Not only do these morphological features 
support the previous argument that the hydraulic regime is the primary driver (as these 
 188 
highlight multiple feeding events over a longer period not washed out by the local hydraulic 
regime), but it also signifies the potential ecological importance of these feeding grounds to 
populations of bream. Given that bream are known to occupy a home range, the limited 
spatial distribution of feeding areas suggests that these feeding areas are visited regularly by 
bream. Preference for a small number of feeding areas probably reflects habitat suitability for 
prey items, and consequently these represent significant ecological areas for bream 
populations and should be protected. For example, Hoveton Broad is currently undergoing 
restoration (the “Hoveton Wetlands Restoration LIFE+ project”), whereby all fish and excess 
fine sediment will be removed and blocked from re-entering the broad to increase water 
quality and reduce sedimentation (England, 2015). Exclusion of bream from these significant 
feeding grounds may have an indirect effect upon bream fitness and recruitment success. 
The use of novel river-bed investigation techniques used here will enable feeding grounds to 
be identified more efficiently than triangulating telemetry data. This would enable more 
adequate protection of bream stocks within lowland environments.   
For the first time, it has been possible to estimate sediment displacement by a lowland 
benthivorous fish; specifically, volumes of sediment moved per feeding area were calculated. 
It was shown that the bream within the Norfolk broads displaced significantly more sediment 
than in either drains or rivers with 41 and 19 times increase, respectively. However, it is 
likely that these differences partly reflect the better preservation and longevity of pits in the 
Broads, compared with the pits that are affected by sediment reworking and partial infill in 
rivers and drains. Nevertheless, the values calculated here suggest that bream are 
significant zoogeomorphic agents and facilitate the transport of large quantities of fine 
sediment within a relatively small area. This has potential implications for geomorphological 
models as geomorphologists are yet to appreciate and incorporate biological energy within 
understanding of sediment transport (Rice et al., 2019). These results support a limited 
amount of other work which suggests that foraging for food by benthivorous fish warrants 
additional investigation to understand the mechanisms involved, the quantities of sediment 
involved and the spatial and temporal extent of feeding grounds. Together, such work could 
provide estimates for the cumulative impact of fish including bream on sediment transport. 
Although pioneering, these estimates come from a limited set of data and it is therefore 
difficult to judge how representative they are. Nonetheless, this is the first attempt at 
quantifying the amount of sediment moved by bream and subsequently will act as a marker 
for any future work into their zoogeomorphic significance.   
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 Experimental question 2 – Feeding pits as relevant hydraulic structures 
Froude-scaled hydraulic experiments on bream feeding pits were successfully completed 
using simulated pits based on field measurements of pit geometry, densities, and water 
velocities. These experiments highlighted that feeding pits can alter near-bed hydraulics and 
increase turbulent characteristics within the water column. However, this effect was only 
clear at maximum feeding densities. It is possible that the very low velocities encountered in 
areas of bream pits limit the extent of any hydraulic effect associated with the roughness 
generated by pits. In rivers, it is likely that the effect of feeding pits upon the flow will be 
negligible given that both the 75% and maximum percentile feeding pit densities used within 
the experiment were uncommon during the survey and that the threshold where significant 
turbulence is created appears to lie above 75%. However, it is believed that under higher 
flow rates turbulence might be generated by pits before the point that they get washed out. 
There are interesting questions to investigate here about the interaction of higher flows and 
sediment reworking in affecting pit hydraulics. Interestingly, depressions in the bed, like 
feeding pits, have been shown to result in reduced shear stress leading to sedimentation of 
finer particles within them due to a reduction in shear stress (Nowell & Jumars, 1984; Risk 
and Craig 1976; Nelson et al. 1987). Consequently, there is a potential that feeding pits 
could have an indirect effect on in sediment transport by acting as a depositional trap for 
fines. Further work examining fish feeding pits within estuarine environments found that 
areas of feeding pits where actually less likely to eroded away due to the higher critical-
shearing and frictional-velocity values associated at the near-bed (Molina et al. 2017). This 
study in particular demonstrates that fish are able to significantly alter their surrounding 
environments, potentially highlighting that bream could have a secondary effect upon 
sediment transport whereby areas containing their pits might be less likely to erode under 
normal flow regimes. 
Future recommendations 
The findings from these two research questions have raised some interesting questions that 
warrant being taken forward to improve our understanding of the impacts and significance of 
bream feeding pits. Consequently, the following recommendations are made:   
1. Bream’s impact as zoogeomorphic agents: The results here highlight that bream 
could be significant zoogeomorphic agents. To develop a fuller understanding of the 
scale of this impact it will be necessary to investigate the temporal dimensions of pit 
development to understand how much sediment is moved per feeding event;  
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2. Drivers relating to morphological changes in feeding pits: Heterogeneity in feeding pit 
morphology needs to be investigated to quantify the roles of the most likely drivers 
affecting feeding pit morphology, including sediment composition, prey taxonomy and 
abundances and the effect of hydraulics upon erosion rates; 
 
3. Ecological significance of feeding areas: Bream feeding areas may be ecologically 
significant given breams’ apparent reliance on these small portions of the overall 
available substrate. Consequently, more attention is required to fully understand their 
ecological significance and if these sites need to become protected; 
 
4. Hydraulic impacts of feeding pits: The hydraulic experiments showed that under 
normal flow conditions notable changes in hydraulics only occurred at maximum pit 
densities. This can be taken forward by assessing the effect of turbulence on feeding 
pits at different velocities and attempting to identify at which velocities pits become 
washed out. The latter will also help to answer recommendation 2.   
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6 Summary, fulfilment of thesis objectives and aims, future 
research and concluding remarks 
6.1 Introduction 
The role of zoogeomorphic agents and ecosystem engineers is yet to be fully recognised or 
established in either geomorphological or ecological models (Rice et al., 2019). Studies 
assessing the cumulative effect of multiple animals are particularly rare (Statzner and 
Sagnes, 2008). However, investigating the relationships between biotic and abiotic 
environments is widely regarded as a key contemporary research challenge (Reinhardt et 
al., 2010; Harvey and Bertoldi, 2015; Wharton et al., 2017). Understanding such 
relationships is of significance within fine sediment environments; for example, because the 
predicted increase in fine sediment production caused by climate change, is expected to 
lead to increased habitat homogeneity and thus overall habitat loss (Burt et al., 2016).  This 
thesis has addressed several questions in this research arena; specifically, this thesis had 
the following objectives:  
 
1. To investigate the drivers of bream bioturbation within ex-situ mesocosm 
experiments (Chapters 3 and 4). 
 
2. To examine the interactions between bream and a conspecific species to assess if 
bioturbation is a life strategy employed by bream (Chapter 4). 
 
3. To examine the feeding pit morphology and spatial properties of bream feeding areas 
within different in-situ lowland environments (Chapter 5). 
 
4. To examine if bream feeding pits within riverine environments have the ability to alter 
near-bed hydraulics and turbulent parameters (Chapter 5).  
 
The data presented in the experimental Chapters (3 – 5) examine bream as zoogeomorphic 
agents and ecosystem engineers within lowland rivers using a combination of in-situ and ex-
situ experimentation and have addressed these research objectives. The main findings and 
their potential implications from this work are presented here and will be examined in further 
detail. This will conclude with suggestions of future research arising from the thesis.  
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6.2 Fulfilment of thesis objectives 
Objective 1 – To investigate the drivers of bream bioturbation within ex-situ mesocosm 
experiments 
Although a number of papers within the lentic literature discuss bream bioturbation, these 
are discussed in relation to the shifts in biogeochemical cycles and food webs that can 
ensue, rather than the direct divers of bioturbation or the geomorphological context 
(Lammens et al. 1987; Søndergaardet al. 1990; Breukelaar et al. 1994; Tatrai et al. 1997; 
Scheffer, 2001; Volta et al. 2013). Within a riverine context there are no studies at all for 
bream. There is some published work on bioturbation by common carp, another cyprinid fish, 
assessing the impact of their recent invasion of Australian waterbodies (Robertson et al. 
1997 & King et al. 1997). The lack of knowledge and understanding of the drivers of 
bioturbation is partially due to a divide between disciplines, where geomorphologists 
concentrate on the physical cycles and ecologists concentrate on the ecological 
fundamentals with little consideration of each other’s work (Rice et al., 2010; Thomas et al., 
2014; Lewin, 2016; O’Briain et al., 2017; Rice et al., 2019). These experiments are therefore 
entirely novel in attempting to quantify the drivers of bream bioturbation. 
The results presented in Chapter 3 suggest that sediment suspension caused by bream 
foraging increased with fish size, fish number (intraspecific competition) and food availability 
(p = < 0.001). These findings are significant, not only as a foundation for subsequent 
chapters within the thesis, but also amongst the wider zoogeomorphic and ecosystem 
engineering literature. They support evidence in the wider literature suggesting that larger 
bream have greater foraging efficiencies than smaller bream (Brabrand, 1984 and Suietov, 
1939), a relationship that increases with age (and therefore size) owing to a switch in feeding 
mode from particulate to filter feeding (Winfield et al. 1983 and Winfield & Nelson, 1991). 
Chapter 3 also highlighted that regardless of bream size, significant levels of turbidity were 
created. It is therefore clear that once bream are of the age where they switch from 
particulate to filter feeding, a significant increase in the levels of suspended solids 
associated with their feeding activity will likely follow. 
Turbidity also increased as the number of fish that were feeding increased. This effect is 
probably associated with both an increase in the total expenditure of biological energy and 
intraspecific competition. Relationships between bream biomass and suspended solid 
concentrations have been noted before (Breukelaar et al. 1994; Zambrano and Hinojosa, 
1999; Scheffer, 2001) with relatively simple linear density effects in ponds (Meijer et al. 1989 
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and Breukelaar et al. 1994). However, the relationships within the ex-situ experiments here 
were not linear as no significant differences were found between the 2 and 3 fish treatment 
groups. This might be a result of examining these relationships with comparatively small 
numbers of fish when compared with estimations of large biomass in the literature and the 
spatial extent of the experimental area compared to the work in open ponds. However, 
although these results, to some extent, contradict the literature, they highlight that it only 
requires two bream, and thus a low level of intraspecific competition to create significant 
levels of suspended sediment. 
As with fish size and number, food density was shown to be significant in increasing the 
levels of suspended sediment during the feeding experiments. This relationship is widely 
reported in previous work with other fish in lakes (Lammens et al. 1987; Scheffer, 2001 
Pietsch & Hirsch, 2015). Importantly, significant levels of turbidity were created in the 
presence of natural food densities, suggesting that bioturbation effects may be widespread.  
 
Objective 2 – To examine the interactions between bream and a conspecific species to 
assess if bioturbation is a life strategy employed by bream 
Interspecific competition is well documented amongst fish and includes experiments focused 
on prey capture success and feeding efficiency (Pitcher et al. 1982; Street et al. 1984; 
Morgan, 1985; Pitcher, 1986; Pitcher et al. 1986). The experiments completed in Chapter 4 
are the first to examine how turbidity created by one species can affect the feeding efficiency 
of another species. This is novel in that the interspecific competition is affected through a 
modification in the physical environment rather than a direct interaction or resource capture 
by competing species. 
The interspecific interactions were explored within Chapter 4 using ex-situ mesocosm and 
flume experiments. Here the same experimental design as Chapter 3 was utilised to 
establish the amount of bioturbation associated with feeding by roach. Then, bioturbation 
was measured when roach and equal numbers of bream were placed in the mesocosm 
together. Sediment suspension increased significantly when the bream had interspecific 
competition (p = < 0.001). This relationship was particularly evident as fish number 
increased (p = < 0.001); during the three-fish experiments, mean turbidity levels increased 
by 388% (56.86 NTU) and the 95th percentile turbidity by 407% (101.95 NTU) when 
compared with the turbidity created without interspecific competition.  
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These findings are consistent with work that has shown that cyprinids change feeding modes 
to increase foraging rates when there is interspecific competition (Street et al. 1984). Given 
that bream and roach are known to commonly shoal together (Cowx, 1983; Maitland and 
Campbell, 1992; Matondo et al. 2012), these results suggest that the average turbidity levels 
in field situations could be increased over controlled situations where only one species is 
present. Additional experiments were devised to assess if the levels of turbidity generated by 
bream in the presence of roach could impact the feeding efficiency of roach.  
The effect of turbidity upon visual feeding fish has been well documented within the 
literature, with widespread evidence for an inverse relationship between turbidity and feeding 
efficiency (Berg and Northcote, 1985; Bruton, 1985; Vogel & Beauchamp, 1999; Sutherland 
& Meyer, 2007; Kemp et al. 2011). However, the effect of biota-induced turbidity has not 
previously been assessed. The flume experiments in Chapter 4 are therefore unique in 
assessing how the feeding efficiency of a fish species (roach) can be affected by turbidity 
created by another animal (bream).  
Roach were added to a recirculating flume with flow properties loosely modelled on 
appropriate riverine conditions. Suspended sediment levels were increased to the maximum 
values derived from the interspecific mesocosm experiments. It was found that feeding 
efficiencies (the rate of capture of drifting insect larvae) were significantly reduced at mean 
experimental turbidity values (~15 NTU; p = < 0.001) and no feeding was recorded at higher 
turbidity levels. The level of suspended sediment created by bream during the interspecific 
experiments were therefore at sufficient levels to cause detrimental effects to other species 
around them. These observations are supported by the literature where increase in turbidity 
caused visual acuity and reactive distances to prey items to be reduced (Berg and 
Northcote, 1985; Bruton, 1985; Gerking, 1994; Vogel & Beauchamp, 1999; Sutherland & 
Meyer, 2007; Kemp et al. 2011). Field observations have also shown that roach alter their 
diet when living within highly productive and turbid lakes resulting in a higher gut content of 
the less optimal phytoplankton (Sorokin, 1969; Lammens et al. 1986). This suggests that 
roach alter their feeding habitats to account for reductions in visual ability.  
Both of reduction of visual acuity and switching feeding habitats suggest that turbidity has a 
negative influence over the feeding behaviour of roach and the results here highlight for the 
first time that animal induced turbidity (bream foraging) has detrimental effects upon the 
visual feeding of another fish (roach). Bream have the ability to negatively influence 
interspecific competition under typical conditions and this may reduce the ability of roach to 
feed whilst amongst bream. This suggests that bream are significant ecosystem engineers 
and potentially increase their foraging rates, and thus turbidity, to not only out compete 
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another species but to drive them from the food resource to increase the survival of their 
own population.  
 
Objective 3 – To examine the feeding pit morphology and spatial properties of bream 
feeding areas within different in-situ lowland environments 
Feeding pits created by fish have not been previously studied in rivers (in contrast the 
marine environment) perhaps because of the difficulty in accessing them in the wide, deep 
and turbid rivers that bream occupy (Leeming, 1967; Cowx, 1980; Kell, 1985). However, with 
advances in novel technologies, for the first time, an in-depth study of bream feeding pits 
was undertaken in Chapter 5 addressing objectives 4 and 5.  
Bream feeding pits were successfully surveyed at six locations within three different aquatic 
environments. The spatial and morphological characteristics of bream pits were analysed 
and displayed significant differences between environments. Pit morphology and density 
were statistically different between rivers, drains and Broads (p = < 0.001). Unsurprisingly, 
an inverse relationship was found between feeding pit size and their densities with the 
largest pits in areas of the lowest densities. The largest pits were found within the Norfolk 
Broads and the smallest pits and thus highest densities were found at the riverine sites. The 
extent of the feeding areas was greatest in the Norfolk Broads, followed by riverine sites and 
lastly drainage sites with areas of 200, 75 and 24 m2 respectively. It is believed that this was 
simply due to the scale of each type of environment and waterbody width was proportional to 
feeding area. Differences in pit size, density and feeding areas are likely the result of the 
hydraulic regime within riverine and drainage sites which cause their beds to be reworked 
during flood events, such that feeding pits are refilled or eroded away, but this was not 
formally tested. 
By quantitively examining feeding pit morphology, densities and feeding areas, estimations 
were made of the average volume of sediment being displaced within an average feeding 
area. The Norfolk Broads had the highest volume of sediment displaced followed by the 
riverine sites and finally drainage sites with 6.00, 0.44 and 0.18 m3 per m2 respectively. 
These provide the first quantification of fine sediment disturbance by bream. The fate of 
disturbed sediment and its displacement length is not known. 
Limited comparisons can be drawn with intertidal species. For example, field studies in the 
Bahia-Blanca estuary and South Carolinian estuaries found that M. furnieri displaced 180 
cm3 m−2 of sediment per day (Molina et al. 2017) and L. xanthurus removed 1% of the 
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sediment surface m-2 day-1 respectfully (Fleeger et al. 2006). Both of these examples were 
able to obtain a temporal measure of sediment transport by surveying tidal areas where the 
water had retreated. Comparison by rate is not possible because the time taken to produce 
the bream feeding pits could not be established, but within the riverine study sites, bream 
displaced a mean volume of 4948.36 and 6948.97 cm3 m-2 over an unknown period and 
disturbed 18.7 and 26% of the sediment surface across the River Welland and River Witham 
respectively. This suggests that bream are effective zoogeomorphic agents and a key 
knowledge gap is understanding the temporal aspect of pit construction.  
 
Objective 4 – To examine if bream feeding pits within riverine environments have the ability 
to alter near-bed hydraulics and turbulent parameters 
Effective interaction between the fields of ecology and hydraulics has traditionally been 
limited even though they are intrinsically linked (Rice et al., 2010; Maddock et al., 2013a). 
Advances in this area have established the discipline ecohydrology (Hannah et al., 2004) but 
the interaction between ecology and hydrological parameters is still fundamentally lacking 
and requires further attention (Hannah et al., 2007; Maddock et al., 2013b). This is 
particularly evident when attempting to quantify the effect of ecology on near-bed hydraulics 
(Frostick et al. 2014). 
Depressions within a homogenous bed have been previously examined to assess their 
impacts upon turbulence and near bed hydraulics (Nowell and Jumars 1984) and, in turn, 
have been used to hypothesise the effects of feeding pits of animals (Risk and Craig 1976; 
Nelson et al. 1987) and specifically fish (Molina et al. 2017). However, measurements of 
feeding-pit impacts on near-bed hydraulics have not been made. Therefore, Chapter 5 used 
scaled models to assess the affects that bream feeding pits on flow velocities and 
turbulence. 
Within the flume, at different feeding pit densities, a vertical profile of ADV measurements 
was used to obtain orthogonal velocities and TKE at discrete positions above the bed 
surface. Stream wise velocity and, to a lesser extent, vertical velocity, both increased in the 
presence of pits, especially higher in the flow and at the highest feeding pit density. 
Somewhat surprisingly, the presence of pits depressed TKE very close to the bed, but with a 
tendency for elevated TKE values high in the flow at the highest pit densities. These results 
suggest that feeding pits do impact both the hydraulics and overall turbulence, although the 
overall impact appears limited, which may reflect the inherently low net velocities in the 
environments where pits occur. These results contradict previous findings where 
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depressions in a surface have been associated with reduced velocities caused by a larger 
cross-sectional area and increased shear that generates turbulent eddies and vortices 
(Squire, 1956; Johnston, 1960; Nowell & Jumars, 1984). However, it does potentially 
highlight that a “skimming” (Nowell & Jumars, 1984) or “quasi-smooth” (Davis and Barmuta, 
1989) flow is present above the feeding pits, causing increases in both the stream-wise and 
vertical velocities. The apparent depression of turbulence very close to the bed suggests that 
feeding pits produce less turbulence than a smooth bed, which is extremely difficult to 
explain because any bed roughness is expected to increase turbulence as a consequence of 
shear, flow separation and eddy formation caused by changes in bed micro-topography. 
Consequently, this highlights an area of required further research.  
Importantly, the results from the scaled hydraulic experiments have measured, for the first 
time, the impact of biogenic depressions on lotic hydraulics and turbulence parameters. This 
warrants additional research because these feeding pits could be having a secondary 
influence upon sediment transport whereby the hydraulic impacts could increase or 
decrease sedimentation rates and either promote or subdue erosion rates.  
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6.3 Revisiting the thesis aims 
This thesis aimed to examine the extent to which bream are zoogeomorphic agents and 
ecosystem engineers within lowland rivers in the UK. These themes are revisited here in 
light of the experimental results and fieldwork summarised above. 
 Bream as zoogeomorphic agents and ecosystem engineers  
Chapter 3 specifically examined the drivers of bioturbation, the method of sediment dispersal 
that makes bream a zoogeomorphic agent. This work was developed further in Chapter 4 
where the influence of an interspecific competitor was introduced. The results showed that 
bream bioturbation substantially increases turbidity and the additional work in Chapter 5 
highlighted the spatial extent of bream feeding areas and a potential for indirect sediment 
transport owing to changes in the hydraulic parameters over areas with feeding pits. These 
results make a strong case for bream as significant zoogeomorphic agents. This was also 
true for their ability to act as ecosystem engineers as shown in Chapter 4 whereby levels of 
turbidity were shown to increase with interspecific competition which caused significant 
reductions upon their competitors feeding efficiency.  
Moore (2006) highlights three factors affecting the propensity for an animal to be a 
significant ecosystem engineer: appropriate behaviour, larger size and greater density. 
Given the inter-relationship between ecosystem engineering and zoogeomorphology, these 
can also be used as a proxy for zoogeomorphic significance and bream have been shown to 
comply with all three. Their behaviour, as shown in Chapters 3, 4 and 5, can drive fine 
sediment suspension directly through foraging and, possibly, indirectly if high flow events 
erode areas containing feeding pits. These experiments also found that bream produce 
significant levels of turbidity regardless of fish size. Third, bream were observed shoaling in 
the high densities during field surveys (Figure 5.13) and it has been noted that bream can 
reach shoaling densities of thousands (Maitland and Campbell, 1992 and Kottelat & 
Freyhof, 2007). 
Bream have the potential to be one of the most impactful zoogeomorphic agents in 
freshwater environments, in large part because the fine sediment environments they inhabit 
require the application of relatively little energy to induce sediment transport via bed material 
suspension and displacement. In addition, bream have a high level of biologically available 
energy because they shoal in hundreds – sometimes thousands – (Maitland and Campbell, 
1992 & Kottelat & Freyhof, 2007) which tends to increase foraging rates (Pitcher et al., 
1982). Bream can therefore impart significant amounts of energy onto the bed to induce 
sediment transport. Based on their size and habits, the results from Rice et al. (2019) 
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suggest that bream would be one of the most impactful fish doing geomorphic work within 
the River Trent catchment.   
Species from the same family as bream (cyprinidae) including chub, barbel and gudgeon 
(Gobio gobio (L.)), are known to alter bed surface characteristics by adjusting the gravel 
orientation through foraging (Statzner et al. 2003; Pledger et al. 2014; 2016; 2017). Their 
direct impact upon sediment transport was limited to small displacements during foraging 
where gravels were shown to move by distances that only just exceeded their diameter 
(Pledger et al. 2016). However, during subsequent high flows, sediment transport rates were 
substantially increased because foraging reduced critical shear stress for entrainment 
(Statzner et al. 2003; Pledger et al. 2014; 2016; 2017). Similar, secondary impacts on 
sediment transport have also been noted amongst salmonid species where redd 
construction is responsible for increases in fine sediment movement during the first flood 
events after spawning (Hassan et al. 2008; 2011). The experiments here have highlighted 
that bream, regardless of size, create significant levels of bioturbation when they forage 
across soft, fine-grained river beds for food. This mobilisation of fine sediment indicates that 
bream have a direct effect on sediment transport via suspension, similar to that of crayfish 
(Rice et al. 2016), and the feeding pit experiments suggest that a secondary effect is also 
possible via impacts on hydraulics above the disturbed bed. Bream’s impact via feeding 
could be greater than that of lithophilic spawners because feeding occurs on average twice a 
day (Maitland and Campbell, 1992). The cumulative effect of bream activities on sediment 
transport is therefore, possibly relatively high and this warrants additional research effort.  
These direct and indirect relationships between bream and fine sediment can also be 
applied to their ecosystem engineering activities as the physical suspension of sediment can 
have detrimental ecological impacts to ecosystem dynamics (Tatrai et al.1990; Breukelaar et 
al.1994; Vanni, 2002; Volta et al. 2013). For example, extensive reviews on the effect of fine 
sediment upon native flora and fauna have shown that excess fine sediment can affect 
growth, reproduction and mortality rates at all trophic levels (Kemp et al. 2011; Jones et al. 
2012a; Jones et al. 2012b; Jones et al. 2014). Although these reviews are mainly focused on 
anthropogenic sources of fine sediment, similar ecological impacts have been seen from 
bream bioturbation (Volta et al. 2013). This has most notably been studied in lakes and 
ponds where bream bioturbation has caused increases in chlorophyll a concentration leading 
to eutrophication (Anderson et al. 1978 and Breukelaar et al. 1994), shifts in community 
structure and food web dynamics, (Lammens et al. 1992 and Persson & Svensson, 2006) 
and alterations in the biogeochemical cycling (Persson & Svensson, 2006). It is unlikely that 
these impacts are exactly reproduced in flowing waters because there is insufficient 
residence time for water quality deterioration and ecological problems to develop (Craig, 
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2015), but if the river sediment contains high concentrations of relevant nutrients, for 
example phosphorus, bream bioturbation may have some similar effects. Impacts on the 
feeding efficiency of interspecific competitors, as demonstrated here, are more likely to be 
significant ecosystem engineering effects in rivers.  
 Implications for fine sediment transport 
The results described above confirm anecdotal evidence from fishermen that when bream 
feed, they generate plumes of fine sediment via bioturbation. As this entrained sediment is 
advected downstream by the flow, it generates a suspended sediment flux. The distance that 
this sediment travels is unknown and depends upon the hydraulics of the flow relative to the 
settling velocity of the sediment. It nevertheless represents a biologically-driven surcharge to 
sediment transport that augments the sediment yield produced by hydraulic forcing. This is 
similar to the surcharge in fine sediment flux caused by crayfish bioturbation (Rice et al. 
2016). 
Unfortunately, although attempted, the frequency and magnitude of these feeding events 
and the consequent quantification of feeding plume sediment fluxes could not be captured 
during the thesis. Therefore, a full understanding of the implications of bream feeding for fine 
sediment transport cannot be provided. The attempt to develop an understanding of plume 
magnitude and frequency is discussed in detail below in the context of future research. 
It is possible that this impact will increase with global warming because current predictions of 
species range shifts predict that species located in cold upstream habitats (trout zone and 
barbel zone) will experience habitat reductions and conversely, limnophilic and thermophilic 
species (bream zone) will benefit from an extension of their habitat range (Hayden et al., 
2016). Bream, specifically, have been highlighted as a species that can potentially benefit 
the most from global warming with populations shown to be moving northwards into 
subarctic habitats due to increased temperature and productivity causing shifts at community 
levels (Ruiz-Navarro et al., 2016; Hayden et al., 2016). This move northward is believed to 
be increasing their distribution between 80 and 143 % under current high emission rates 
(Navarro et al. 2016), highlighting that not only will the impact of bream significant increase 
both spatially and temporally, but that the requirement to fully understand and quantify the 
relationship between bream foraging and fine sediment transport is of paramount 
importance. 
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6.4 Future research directions and considerations 
The understanding developed to this point, indicates a number of areas where the work 
discussed above could be extended in the future, including: better understanding of the 
magnitude and frequency of bream feeding events in the wild; the broader ecological 
significance of feeing pit morphology and hydraulics; and the impact of feeding pit 
morphology on sediment dynamics.   
 
 The frequency and magnitude of bream feeding events 
A key area for future work is to better understand the frequency and magnitude of feeding 
events in-situ. Some evidence of the extent and relevance of bream feeding is apparent in 
the survey work carried out in Chapter 5, but the thesis was not able to fully address how 
much sediment disturbance is accomplished by feeding bream in field settings, which is a 
question of the frequency and magnitude of feeding events and the bioturbation produced.  
Given the predicted response of bream to global warming (Navarro et al. 2016 and Hayden 
et al. 2017) efforts should be made to quantitatively assess the frequency magnitude 
distribution of bream derived sediment plumes and their contribution to fluvial suspended 
sediment flux. A concerted effort was made to obtain this data during the PhD, but the 
challenging nature of the work meant that it did not progress beyond establishing a suitable 
methodology and testing aspects of it. Key questions should include: How often do feeding 
events happen at a particular place? What are the sediment concentrations and total 
sediment volumes, or masses involved? Answering these questions requires an 
understanding of the frequency distribution of events of varying magnitude and 
measurements of those magnitudes. 
 
 Ecological importance of bream feeding pits  
Chapter 5 highlighted the potential importance of areas of bream feeding pits for bream 
ecology because the relatively limited extent of them suggest they are in some way 
significant (section 5.4.1). Due to this discovery, it is important that this work is carried 
forward to highlight why feedings pits are abundant in particular places. Original 
observations within Chapter 5 assessed the physical features of the watercourse (i.e. in-
stream habitat) to understand their spatial distribution. However, in these heavily managed 
lowland watercourses, homogenous stretches provided little in-stream habitat and there was 
no apparent habitat distinction in those areas where pits were abundant. Consequently, it is 
recommended that additional surveys of bream feeding sites are conducted and 
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accompanied by measurements of variables that might help to explain their distribution, for 
comparison with the same measurements outside of the feeding-pit areas. These variables 
could include: macroinvertebrate community data, bed sediment samples, and channel 
parameters (i.e. depth, width and flow). It is believed that macroinvertebrate communities will 
be the primary driver of the spatial distribution of pits, with significant differences, in terms of 
biomass and community composition, inside and outside of feeding areas.  
Results gained here will develop our understanding of the ecological importance of feeding 
areas and help in their conservation. This will therefore help to inform future management 
decisions where these feeding pits exist like the ‘“Hoveton Wetlands Restoration LIFE+ 
project’ previously mentioned in Chapter 5 (section 5.5.1; Natural England, 2015). 
 
 The importance of bream feeding pits for sediment dynamics 
The hydraulic experiments within Chapter 5 (section 5.3.2) suggested that bream feeding 
pits alter hydraulics by increasing streamwise velocity, and to a lesser extent the vertical 
velocities, particularly at the highest feeding pit densities. However, when the TKE values 
were calculated it was found that the feeding pits suppressed the turbulence at the near bed 
which is the opposite of what was expected and could not be explained. It would therefore 
be useful to re-run similar experiments with Particle Image Velocimetry (PIV) to assess the 
hydraulics in a three-dimensional vector field rather than a single point volume, which is what 
the ADV measures. A PIV, like an ADV, provides velocity measurements but small particles 
are seeded into the flow and then illuminated by a laser to allow the turbulence of the fluid to 
be quantitatively assessed and mapped out. 
The results from these recommended experiments would not only answer why the feeding 
pits appeared to supress TKE at the bed but will also highlight if a skimming flow is present 
as discussed previously. However, more importantly, it will provide a visualisation of the 
hydraulic movements within a feeding pit. The results of the intra-pit hydraulics will assist in 
understanding the potential of secondary sediment transport resulting from the feeding pits 
being washed out. Therefore, they highlight an important understanding in the overall 
proportion of bream’s contribution to the fine sediment cascade and their ability to be a 
zoogeomorphic agent.   
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6.5 Concluding remarks 
Much of the work on the relationships and interactions between biota and sediments within 
river environments has focused upon the geomorphic influence of keystone species such as 
beavers and salmonids, mainly in gravel-bed rivers (Gurnell, 1998; Butler and Malanson, 
2005; Hassan et al., 2008). Research on animal impacts in fine sediment dynamics are 
emerging (Rice et al., 2014). This thesis is highly novel in extending this research to show, 
for the first time, how bioturbation by a common fish species affects fine sediment dynamics. 
Importantly, it also provides valuable evidence that a wider range of riverine animals are 
responsible for influencing fine sediment dynamics rather than simply keystone species. 
This was achieved by providing the first quantitative analysis of bream as zoogeomorphic 
agents and ecosystem engineers. It has been argued that bream could be one of the most 
significant zoogeomorphic agents in comparison to other fish species as they entrain 
sediment and modify the channel bed when feeding. Experiments showed that bream 
produced significant turbidity levels regardless of size, with natural food densities and with 
both intra- and inter-specific competition. This suggests that under natural conditions bream 
can generate significant levels of turbidity during typical feeding events. Interestingly, bream 
were also shown to be significant ecosystem engineers where, for the first time, turbidity 
created by bream was shown to have a significant impact upon a competitor’s feeding 
efficiency. This implies that bream can promote additional turbidity whilst in the presence of 
a competitor, possibly reducing the overall competition over a shared resource. Finally, this 
thesis also discovered substantial bream feeding grounds within three aquatic environments 
within Chapter 5. Not only do these highlight potentially ecologically important areas for 
bream but they display a potential secondary method of fine sediment transport whereby the 
feeding pits affect hydraulics and may affect sediment transport, for example by conditioning 
the bed to be more prone to erosion during flood events. 
It is clear from the work presented here that bream are a significant zoogeomorphic agent 
within riverine settings. However, their cumulative effect upon the fine sediment flux of a river 
still needs to be addressed. This is particularly important given that recent literature has 
shown that bream are increasing their distribution due to global warming and thus their 
impact is likely to only increase (Navarro et al. 2016 and Hayden et al. 2017). Therefore, it is 
hoped that future work will build upon this pioneering research to investigate their cumulative 
effect upon the fine sediment flux. 
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